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ABSTRACT 
 
 The advent and popularity of portable electronics, as well as the need to reduce 
carbon-based fuel dependence for environmental and economic reasons, has led to the 
search for higher energy density portable power storage methods. Lithium ion batteries 
offer the highest energy density of any portable energy storage technology, but their 
potential is limited by the currently used materials. Theoretical capacities of silicon 
(3580 mAh/g) and tin (990 mAh/g) are significantly higher than existing graphitic 
anodes (372 mAh/g).  However, silicon and tin must be scaled down to the nano-level to 
mitigate the pulverization from drastic volume changes in the anode structure during 
lithium ion insertion/extraction.  
The available synthesis techniques for silicon and tin nano-particles are 
complicated and scale-up is costly. A unique one-step process for synthesizing Si-Sn 
alloy and Sn nano-particles via spark plasma erosion has been developed to achieve the 
ideal nano-particulate size and carbon coating architecture. Spark erosion produces 
crystalline and amorphous spherical nano-particles, averaging 5-500nm in diameter.  
Several tin and silicon alloys have been spark eroded and thoroughly characterized using 
SEM, TEM, EDS, XPS, Auger spectroscopy, NMR spectroscopy and TGA. The 
resulting nano-particles show improved performance as anodes over commercialized 
materials. In particular, pure sparked Sn particles show stable reversible capacity at ~460 
mAh/g with >99.5% coulombic efficiency for over 100 cycles. These particles are drop-
xvii 
in ready for existing commercial anode processing techniques and by only adding 10% 
of the sparked Sn particles the total current cell capacity will increase by ~13%. 
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CHAPTER I 
GENERAL INTRODUCTION 
  
INTRODUCTION 
As technology continues to advance and companies drive to manufacture smaller, 
lighter and more portable devices, batteries have become the limiting factor in size, 
weight and energy density. The use of portable electronics has skyrocketed in recent 
decades and continues to expand. Computer chip technologies have doubled in speed 
every few years, and displays have become sharper and brighter, but battery technology 
has not significantly changed since the 1990s.1  
Additionally, efforts to move to electric vehicles to reduce carbon-based fuel 
dependence from supply, environmental and price considerations have pushed for a 
major improvement in available portable energy density. Unfortunately, substantial 
progression and reinvention of the battery have been slow in coming. Battery technology 
is an expanding research area as it strives to meet demands of the continuing energy 
storage crisis by improving energy density. Of the currently available electrochemical 
energy storage technologies, lithium ion batteries have one of the highest energy 
densities both gravimetrically and volumetrically, and thus hold great promise for 
innovation (Fig. 1).2 
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Figure 1. Volumetric and gravimetric energy density comparison of battery types.2 Reprinted with 
permission from Macmillan Publishers Ltd, copyright 2001. 
It is likely that by 2020, electric vehicle (EV) models will constitute more than 
half of all new vehicle sales.3 The United States Advanced Battery Consortium 
(USABC) has set specific battery performance goals for an EV battery that would 
replace the internal combustion engine (Table 1). While these goals are challenging for 
today’s technology, the lithium ion battery, with its advantages of higher specific energy 
and output power, has the potential to improve its current energy density of 120 Wh/kg 
by using different materials and processing methods.  Figure 2 shows a Ragone plot of 
electrochemical energy storage devices and the USABC energy/power goals. The 
lithium ion battery already meets both the HEV and PHEV goal and is nearest to the 
BEV goal.3 
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Table 1. USABC long term battery performance goals and impacts3 
Specification 
USABC 
Long-Term 
Goal 
Impact on Vehicle 
Performance 
Specific energy (Wh/kg) 200 Range and weight 
Energy density (Wh/l) 300 Range and size 
Specific discharge power (Wh/kg) 400 Acceleration and weight 
Discharge power density (Wh/l) 600 Acceleration and size 
Specific regenerative power (W/kg) 200 Energy saving and weight 
Regenerative power (W/l) 300 Energy saving and size 
Life (years) 10 Life-cycle cost 
Life cycles 1,000 Life cycle cost 
Operation temperature (oC) -40 to 85 Life of battery 
Selling price ($/kWh) 100 Acquisition and replacment 
costs 
 
 
Figure 2. Ragone plot of current electrochemical energy storage devices and USABC goals (HEV = 
hybrid electric vehicle, PHEV = plug-in hybrid electric vehicle and BEV = battery only electric 
vehicle)3 
 
One of the greatest hindrances to a revolution in batteries and energy storage is 
safety. Testing of the cells and conditions must be extensive before any energy storage 
device will be commercially available. With greater energy storage the potential for 
4 
safety concerns and mishaps become even higher.3 This means the steps to improve 
energy density are best met with slow incremental changes to current technologies. This 
is yet another reason why lithium ion batteries have excellent prospects as the current 
energy storage leader.  
 
 
LITERATURE REVIEW 
Lithium Ion Batteries 
 A lithium ion cell has three main components: the anode, the cathode and the 
electrolyte (Fig. 3). The separator which prevents the anode and cathode from coming 
into contact while conducting lithium ions between the two materials is also important. 
The first lithium-ion cells were commercially produced by Sony in the early 1990s with 
a lithium cobalt oxide cathode and a graphitic carbon anode.1 These cells have good 
safety and cyclability, but have inherently limited capacity due to the anode and cathode 
materials used. The anode particularly has potential for increasing cell capacity; there are 
many materials with a higher theoretical capacity than the 372 mAh/g capacity of carbon 
(Table 2). Of these alternatives, silicon has one of the highest known capacities.4,5 
5 
 
Figure 3. Lithium ion battery diagram of key components 
 
Table 2. Theoretical capacities of various possible anode materials5 
Material Theoretical Capacity (mAh/g) 
Li 3862 
LiC6 372 
Li15Si4 3579 
Li22Sn5 990 
 
 Lithium metal has the highest theoretical capacity, but suffers from Li dendrite 
growth during cycling in liquid electrolyte batteries. These dendrites can grow across to 
the cathode, short circuit the cell, cause thermal runaway and ultimately cause the 
explosion of the battery due to the flammable electrolyte.6 
Silicon is not currently incorporated into cells because it has limited cyclability 
as a bulk anode material. When the lithium ions alloy with silicon, the silicon expands 
over 300% causing the brittle material to disintegrate.6 Table 3 lists the known possible 
phases of lithium and silicon. The pulverization or decrepitation of silicon during cycling 
6 
triggers a rapid capacity fade from the loss of electrical integrity as can be seen in Fig. 4. 
Figure 5 demonstrates the alloying process of the material within the cell.  
Table 3. Crystal structure, unit cell volume and volume per Si atom for the Li-Si system5 
Compound and Crystal 
Structure 
Unit Cell Volume 
(Å3) 
Volume per Silicon Atom 
(Å3) 
Silicon, cubic 160.2 20.0 
Li12Si7, orthorhombic 243.6 58.0 
Li14Si6, rhombohedral 308.9 51.5 
Li15Si4, orthorhombic 538.4 67.3 
Li22Si5, cubic* 659.2 82.4 
*Phase unavailable when cycling at room temperature 
 
 
 
Figure 4. Rapid capacity fade of a bulk (10 µm particles) silicon anode during cycling.5 Reprinted 
with permission from Macmillan Publishers Ltd, copyright 2007. 
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Figure 5. Lithium ion cell cycling with silicon anode material (not to scale) 
 
 Huggins and Nix used a one-dimensional bilayer plate structure to model the 
decrepitation during cycling of alloys in rechargeable electrochemical systems.7 Their 
model gave a theoretical critical size as follows: 
hୡ ൌ ଶଷ஠ ቀ
୏౅ి
୆கబቁ
ଶ ൌ ଶଷ஠ ቀ
ଷ୏౅ి
୆ୣ౐ ቁ
ଶ
    (1) 
where KIC is the fracture toughness, B is the biaxial modulus and eT is the strain 
parameter equaling ΔV/V. For Li-Sn alloys from a total strain of 1.83 and a fracture 
toughness of 10 MPa√m, the critical size is 0.2 µm. For Li-Si alloys from a total strain of 
3.12 and a fracture toughness of 0.83 MPa√m, the critical size is 0.09 nm. These 
calculations do not take into account the unique micromechanics at the nano-scale which 
will likely increase the critical size. Liu and coworkers studied the lithiation behavior of 
LiMxOy 
- + 
- + 
Power Source 
Silicon Electrolyte 
 
e- e- 
Charging 
LixSi alloy Electrolyte 
 
e- e- 
Discharging 
LiMxOy 
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silicon nanoparticles in situ inside a TEM and found the critical diameter to be ~150 
nm.8 They found the large hoop tension in the outer layer of the particle due to the two-
phase interface between pure Si and the fully lithiated Li15Si4 phase to be the main 
driving force for cracking. Because of the peculiar properties at the nano-scale, the 
experimental critical size of silicon is apparently many times larger than the theoretical 
size determined from Huggins and Nix’s model. To achieve a higher capacity while 
preventing pulverization, these materials must be reduced in size to the nano-scale for 
practical application.  
 Nano-scale lithium reactive materials have been found to affect electrochemical 
performance by: 1) decreasing diffusion distance and thus increasing rate performance, 
2) having unique mechanical properties solving the pulverization problem from volume 
expansion with lithium alloying, and 3) showing structural effects from changes in 
thermodynamic and kinetic properties.9 These nano-effects give promising performance 
for electrode materials in conventional batteries. Investigations have been made into the 
cyclability of many nano-scale anodes of silicon including nano-architectures10-13, nano-
wires14-18, and nano-particles8, 19-25. Graetz et al. improved the capacity retention of 
silicon anodes through silicon nanofilm prepared by physical vapor deposition onto 
nickel and silicon nanocrystals made by gas-phase condensation and ballistic 
consolidation onto copper (Fig. 6).26 However, these materials still exhibited fairly rapid 
capacity fade. 
9 
 
Figure 6. Capacity vs. cycle number for various anode materials.26 Reprinted with permission from 
The Electrochemical Society, copyright 2003. 
 
 
Kwon and Cho achieved high capacity by vacuum annealing butyl-capped 
analogues to obtain Si70Sn30 nanoalloys coated with carbon.27 Those annealed at 900oC 
had a reversible capacity of 2032 mAh/g and good capacity retention as shown in Figure 
7. The higher capacity of the 900oC particles was attributed to the smaller nucleation 
energy barrier for the formation of the new phase within smaller particles as the fractions 
of Si and Sn atoms in higher energy states on the highly curved surfaces are larger.   
      
Figure 7. TEM images of Si70Sn30 nanoalloys annealed at 900oC (a, b) and 1000oC (c, d); e) Charge 
capacity by cycle number (900oC closed circles and 1000oC open circles).27 Reproduced with 
permission from the Royal Society of Chemistry, copyright 2008. 
 
(e)
e) 
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Kim et al. were successful in obtaining a capacity of 3500 mAh/g over 40 cycles 
by preparing 10 nm carbon-coated Si nano-particles using reverse micelles at high 
pressure and temperature in a bomb.28 Figure 8 shows the particles and their 
corresponding charge capacity. The group surmised silicon’s critical particle size for an 
anode material is 10 nm from the results of their charge capacity curves.  
   
Figure 8. a) XRD pattern, b) and c) TEM images and d) XPS spectrum of the 10 nm sized nano-Si 
prepared with DTAB surfactant, e) Comparison of charge capacity by cycle number of different 
sized nano-Si.28 Reproduced with permission from John Wiley and Sons, copyright 2010. 
 
These methods, while reaching higher capacities with good cyclability, are costly 
and complicated to scale up for large quantity production and practical commercial 
application. A one-step synthesis method is needed to produce similarly structured and 
sized silicon alloy nanoparticles for commercial lithium ion batteries.  
 
Spark Erosion 
 Spark erosion has been used to produce general micropowders29-30, rapidly 
solidified powders31 and magnetic powders.32 This process is versatile, economical and 
is commercialized as electric discharge machining (EDM). Figure 9 shows a general 
diagram of the process. The technique consists of two electrodes, separated by a small 
gap, submersed in a dielectric fluid, and connected to a pulsed external power source. 
e) 
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When a high enough voltage is applied, breakdown of the fluid occurs, producing a 
spark discharge between the electrodes. Electrons emitted from the cathode and in the 
gap are energized from the electric field and ionize the molecules of the dielectric fluid. 
This plasma channel (tens of microns in diameter, in excess of 10,000K and as high as 
280 MPa) transfers energy to heat the electrode surface locally.33 This highly local 
heating can eject vaporized or molten electrode material from the surface. The ejected 
material is rapidly quenched by the dielectric fluid, forming particles. With a traditional 
EDM set up Berkowitz and Walter were able to produce around 2.5 g/hr of metallic 
particles <75 µm. After modifying the experimental set up to a “shaker-pot” cell they 
obtained yields two orders of magnitude higher.33 
 
Figure 9. Spark erosion process schematic.33 Reproduced with permission from Cambridge 
University Press, copyright 1987. 
  
 Spark erosion or discharge of semiconductors was shown to be feasible for nano-
particle production by Vons et al.34 The experimental setup used is shown in Figure 10 
with the spark electrodes consisting of intrinsic silicon rods (99.95% wt. purity) and p-
type Si rods (resistivity of 0.17 Ωcm). The spark generator was set to 100-300 Hz using 
an argon carrier gas.34 
12 
 
Figure 10. Setup for production and collection of silicon nanoparticles.34 Reproduced with 
permission from Springer, copyright 2011. 
 
The high resistance of intrinsic silicon dissipates a lot of the pulse energy, giving 
a low intensity spark and causing the plasma to spread over the electrode surface. 
Because of these effects the silicon electrodes reached lower temperatures on the 
electrode surfaces and evaporated less material than metallic electrodes. Vons et al. 
found reducing the electrode resistance to be the key to increasing the particle 
production rate for semiconductors and by using doped silicon rods they were able to 
increase the mass production rate by 103.34 Figure 11 shows particle size distributions for 
intrinsic silicon, doped silicon and magnesium sparked in argon and a TEM micrograph 
of the silicon nanoparticles from the doped silicon rods.  
13 
       
Figure 11. a) Particle size distributions for Mg, intrinsic Si and doped Si sparked in Ar, b) TEM 
micrograph of nanoparticles produced from doped Si electrodes. Scale bar indicates 10 nm.34 
Reproduced with permission from Springer, copyright 2011. 
 
While Vons et al. were successful in producing silicon particles less than 20 nm 
there were still issues with their process. The particles produced were pyrophoric and 
rapidly reacted with any exposure to oxygen. To prevent oxidation and to obtain the 
better electrochemical performance of Cho (Fig. 8), it seems essential to coat the silicon 
nano-particles with carbon.  
Neither the vacuum spark (Vons) nor the bomb reactor (Cho) processes are likely 
to bring this type of silicon nano-particle anode design to general use. Vacuum processes 
are problematic to maintain in a manufacturing environment and batch processes are 
difficult to justify if there is any alternative. Commercial scale production requires a 
rapid method that is at least a semi-continuous process for manufacturing materials for 
commercial products.  
 
THESIS HYPOTHESIS 
While nano-scale silicon and composite anode materials show improved capacity 
and reversibility, the methods to produce these materials are costly, complicated, and in 
14 
some cases, not scalable for commercial production. We hypothesize alloying silicon 
with tin will allow for high yield and mass production in the spark erosion process 
because of the increased conductivity of the electrodes. Additionally, we hypothesize 
that sparking in a carbonaceous fluid will produce a carbon coating that will protect the 
particles from pyrophoric behavior and also introduce a conductive, ductile layer on the 
nano-particles, which will improve the anode mechanics. The dynamics of spark 
processing in a fluid medium appear to have great promise for commercial synthesis. For 
these reasons, we investigated the spark erosion process using silicon alloy electrodes in 
a hydrocarbon dielectric as a one-step synthesis method to produce carbon-coated silicon 
alloy nano-particles on the order of 10 nm.  
In this research, carbon-coated silicon alloy nano-particles for use in lithium ion 
battery anodes were produced in a single step synthesis process. The objectives of this 
work were to synthesize the alloy nano-particles, characterize the resulting particles and 
their carbon-coating, and lastly test the electrochemical performance of the resulting 
nano-particles as anodes in lithium ion batteries. 
 
THESIS ORGANIZATION 
The motivation for this work is included in the general introduction, then the 
accomplished research is compiled in journal formatted papers in chapters 2, 3, 4, 5 and 
6, and finally the thesis finishes with a summary and conclusions. Each chapter’s 
findings prompted the subsequent investigations. Initially the spark erosion process 
parameters were examined, followed by examination of the composition dependence of 
the spark erosion of the electrodes, and then the carbon layer that was produced by the 
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dielectric was characterized. Finally, the particles were thoroughly characterized and 
tested for their electrochemical performance. 
Chapter 2, a paper published in the proceedings of the PM2013 Conference, 
documents the influence of the spark erosion processing parameters on the produced 
particle size, morphology, crystallinity and microstructure. The optimum processing 
conditions were determined and used for future spark erosion runs.  
Chapter 3, a paper to be submitted, examines the influence of electrode 
composition on the resulting particle size, morphology, composition, crystallinity, 
microstructure and yield. The full range of Si-Sn alloys and Si-Sb were studied which 
informed the compositions for electrochemical testing. 
Chapter 4, a paper to be submitted, fully details the surface layer that is produced 
on the particles from decomposition of the hydrocarbon dielectric. TEM, EDS, XPS, 
Auger spectroscopy, NMR and TGA results are reported. Knowing the surface layer 
form and composition was vital to interpret the electrochemical properties of the 
particles. 
Chapters 5 and 6, papers to be submitted, report the electrochemical performance 
for varying compositions and analyze the capacity and reversibility of the spark eroded 
particles as anodes in lithium ion batteries. 
Appendices A and B include information on initial nickel spark erosion 
experiments and initial electrode casting optimization which laid the ground work for the 
future experiments in those areas. Appendix C reports on the attempts made to 
16 
quantitatively determine the sparked particle size distributions and to separate the nano-
metric fraction of particles. 
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ABSTRACT 
Lithium ion batteries currently offer the highest energy density of any portable 
energy storage technology, but their capacity could be improved by using different 
anode materials. Silicon’s theoretical lithium capacity is ten times higher than 
commercial anode materials, but must be scaled down to the nano-level to mitigate the 
pulverization that occurs due to drastic volume changes during cycling. The synthesis 
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techniques for silicon nano-particle anodes are overly-complicated and costly for 
commercial production. A unique one-step process for synthesizing Si-Sn alloy nano-
particles via spark erosion is being developed to achieve the ideal particulate size and 
coating architecture. The spark erosion method and related process control optimization 
will be described, as well as characterization of the resulting particles.  
 
INTRODUCTION 
High energy density power sources have drastically increased in importance with 
the widespread use of portable electronic devices and the effort to reduce carbon-based 
fuel dependence. Lithium ion batteries have one of the highest energy densities both 
volumetrically and gravimetrically of the currently available electrochemical energy 
storage technologies (Figure 1).1   
 
Figure 1. Volumetric and gravimetric energy density comparison of battery types.1 Reprinted with 
permission from Macmillan Publishers Ltd, copyright 2001. 
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The first lithium-ion cells were commercially produced by Sony in the early 
1990s with a lithium cobalt oxide cathode and a graphitic carbon anode.2 These cells 
have good safety and cyclability but have limited capacity inherently due to the anode 
and cathode materials used. The anode particularly has potential for increasing cell 
capacity; there are many materials with a higher theoretical capacity than the 372 mAh/g 
capacity of carbon (Table 1). Of these alternatives silicon has one of the highest known 
capacities.3  
Table 1. Theoretical specific capacities of various lithium alloys2 
Material Theoretical Capacity (mAh/g) 
Li 3862 
LiC6 372 
Li15Si4 3579 
Li22Sn5 990 
 
Silicon is not currently used because of its limited bulk cyclability as an anode 
material.4 When silicon alloys with lithium ions the crystal structure volume can expand 
over 300%, which can cause the brittle material to disintegrate, leading to a rapid 
capacity fade during cycling.4 Nano-scale lithium reactive materials (including Si) have 
been found to improve electrochemical performance by: 1) increasing charge/discharge 
rate due to shorter diffusion distances, 2) unique mechanical properties allowing for 
larger volume expansion, and 3) thermodynamic and kinetic properties causing changes 
in structure.5 Many investigations have been made into nano-scale composite anodes of 
silicon such as nano-wires, nano-films, and nano-particles with improvements in the 
capacity and cyclability of the materials. Kim et al. were successful in obtaining a 
capacity of 3500 mAh/g over 40 cycles by preparing 10 nm carbon-coated silicon nano-
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particles using reverse micelles at high pressure and temperature in a sealed “bomb” 
vessel.6 Unfortunately, these methods, while reaching higher capacities with good 
cyclability, are costly and complicated to scale up for large quantity production and 
practical commercial application. Thus, a simple one-step synthesis method with 
potential for continuous production is required to produce similarly structured and sized 
silicon alloy nanoparticles for use in commercial lithium ion batteries. 
Generally, micron-sized metallic powders, rapidly solidified metallic glass 
powders and even rare-earth containing magnet alloy powders have been produced 
through the process of spark erosion. It is versatile, inexpensive and the type of 
equipment required is widely commercialized as electric discharge machining (EDM). In 
the spark erosion process two consumable electrodes are separated by a small gap, 
submersed in a dielectric fluid, and connected to a pulsed external power source. When a 
high enough electric field results from the applied voltage, breakdown of the dielectric 
fluid occurs, producing a spark discharge between the electrodes. Electrons emitted from 
the cathode and into the gap are energized from the electric field and ionize the 
molecules of the dielectric fluid. The resulting plasma channel (tens of microns in 
diameter, with temperatures in excess of 10,000K and at pressures as high as 280 MPa) 
transfers energy to heat the electrode surfaces locally.7 This highly localized heating can 
eject vaporized and/or molten material from the electrode surfaces. The ejected material 
is rapidly quenched by the dielectric fluid, forming particles.  
Spark erosion or discharge of semiconductors in argon was shown to be feasible 
for nanoparticle production by Vons et al. using a very high voltage potential difference, 
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along with intrinsic silicon and doped p-type silicon rods.8 While successful in 
producing silicon particles less than 20 nm, there are still issues with the process Vons 
used. The particles produced were pyrophoric and rapidly reacted with any exposure to 
oxygen. To prevent oxidation and to obtain the better electrochemical performance of 
Kim et al., it appears to be essential to coat the silicon nano-particles with carbon. Thus, 
we investigated the spark erosion process using a conventional EDM unit and silicon 
alloy electrodes (to lower the required breakdown potential) in a hydrocarbon dielectric 
(providing a carbon source for decomposition) as a one-step synthesis method to 
produce silicon alloy nano-particles on the order of 10 nm. 
 
EXPERIMENTAL PROCEDURE 
Silicon alloy particles were produced through the spark erosion process, 
diagramed in Figure 2, using a Sharp 300C series electric discharge machining (EDM) 
unit with a specially designed (low volume) erosion chamber and a rotating spindle 
attachment with center flushing. The key parameters are listed in Table 2. Kerosene 
(Sigma-Aldrich, reagent grade) was used as the dielectric liquid. The electrodes were 16 
mm diameter drop cast rods of 98.8Si-1.2at%Sn. Tin was chosen to alloy with Si for its 
high conductivity, ductility, high theoretical lithium capacity (990 mAh/g) and also, as 
previous research had shown, a large reversible capacity with silicon-tin alloy 
nanoparticles.9 The dielectric was flushed through the center of the top electrode at 800 
mL/min while the electrode rotated at approximately 130 rpm.  
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Figure 2. Spark erosion process schematic, recreated from Berkowitz7 
 
Table 2. Spark erosion key parameters 
Spark Time On 2 µs Gap Voltage 1 V 
Spark Time Off 4 µs Polarity Normal or Reverse 
High Voltage Current 0 A Rotation Speed ~130 rpm 
Low Voltage Current 1.5 A or 8 A Flushing Rate 800 mL/min 
 
Both scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) were used to characterize the spark eroded electrodes and resulting particles. A 
JEOL 59101LV SEM and a FEI Quanta-250 field-emission SEM were both used for 
imaging and composition analysis including secondary electron imaging, back-scattered 
electron imaging and energy dispersive spectroscopy (EDS). A Tecnai G2 F20 TEM 
operated at 200 keV was used for bright field images, diffraction patterns and EDS of 
the sparked nano-particles. 
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RESULTS AND DISCUSSION 
SEM micrographs of the spark eroded surfaces are shown in Figure 3. As seen in 
Figure 3, the surface plateaus, ridges and craters are all smaller for the 1.5 A reverse 
polarity electrodes. It was noticed that a higher current apparently increased the size of 
the surface features (at the same polarity), while reversing the polarity decreased them 
(at the lower current). These findings are in agreement with Berkowitz’s work which 
correlated lower pulse energy to smaller particles.10 
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Figure 3. SEM images of 98.8Si-1.2at%Sn electrode post-sparked surfaces for varying parameters: 
a) 1.5 A, b) 1.5 A reverse polarity, c) 8 A. Yellow arrows indicate areas of comparison. 
 
 
 
 
a) 
b) 
c) 
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TEM micrographs of the particles are shown in Figure 4; included are both low 
magnification images of the entire distribution and higher magnification images of 
agglomerated smaller particles. The particles are predominately spherical, other than 
some irregularly shaped large particles from the 8 A higher energy run. In the higher 
magnification images of the smaller particles some lattice fringes are visible. The spark 
eroded particles appear bimodally distributed with peaks at ~10 nm and ~1 µm. 
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Figure 4. TEM images of 98.8Si-1.2at%Sn representative particles for varying parameters: a) and 
b) 1.5 A, c) and d) 1.5 A reverse polarity, e) and f) 8 A. All samples were pipetted onto a holey 
carbon grid. 
 
  
  
a) b) 
c) d) 
e) f) 
29 
In the TEM, selected area diffraction patterns (SADPs) were taken to examine 
the structure and phases of the particles (Figure 5). SADP analysis revealed both 
amorphous silicon in the smaller particles and the diamond cubic phase of silicon in the 
larger particles for all three processing parameters. The smaller amorphous particles 
would have to be more rapidly quenched to achieve this large departure from 
equilibrium, while the larger crystalline particles would have a slower quenching rate. 
 
Figure 5. SADPs of the 1.5 A 98.8Si-1.2at%Sn sparked particles: a) multiple nano-particles, b) 
single larger diamond cubic crystalline silicon particle with a zone axis of [11͞2] 
 
Berkowitz suggested that the bimodal distribution is due to two modes of 
erosion.11 The material on the electrode in the superheated region can be ejected as either 
a liquid or a vapor. The liquid material is more slowly quenched into larger particles, 
while the vapor is much more rapidly quenched (up to 109 degrees/sec7) into the smaller 
particles. Our results agree with these proposed modes.  
 
‐111
220	
131	
a) b) 
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Energy dispersive X-ray spectroscopy (EDS) results also performed in the TEM 
were consistent with the initial composition, albeit with a rather apparent tendency for 
Sn segregation to the smaller particles. EDS and diffraction pattern analysis showed the 
larger particles to be primarily silicon. EDS mapping of the larger particles in the TEM 
showed some tin segregation to the surface as seen in Figure 6. Also, FE-SEM of the 
larger particles in backscattered mode clearly shows the atomic number contrast between 
the silicon and the segregated tin as intercellular Sn segregation that 
penetrated/subdivided the Si particles, shown in Figure 7. The segregation of tin to the 
surface and to interdendritic/intercellular regions in the large particles is consistent with 
the equilibrium phase diagram of silicon and tin (Figure 8), which exhibits nearly zero 
solid solubility.  
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Figure 6. EDS mapping of the 1.5 A reverse polarity 98.8Si-1.2at%Sn sparked particles: a) STEM 
image of both large and small particles, b) Sn map of the largest particle in a), c) Si map of the 
largest particle in a). The mapped particle is approximately 500 nm in diameter. 
 
a) 
b) c) 
200 nm 
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Figure 7. FE-SEM micrographs of 98.8Si-1.2at%Sn alloy particles: a) BSE mode image showing Z-
contrast and Sn (brighter phase) segregation, b) SE mode demonstrating morphology of the sample 
 
a) 
b) 
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Figure 8. Si-Sn phase diagram12 
 
Additionally, there is some evidence (at this point inconclusive) that carbon 
formed during the erosion/quenching process, through ionization of the hydrocarbon 
dielectric fluid, remained adhered through the hexane solvent exchange process used to 
collect the particulate. Part of this evidence is from measurements indicating the absence 
of an exterior oxide layer on the particles that would suggest the suppression of reaction 
with ambient oxygen during collection and solvent “washing.”  
At this point, the key challenges that remain are further characterization of the 
surface carbon and the selection of the single mode of evaporation to take advantage of 
the inhibition of fracture from size dilation. Future experiments are in process to perform 
NMR spectroscopy on the particles to analyze the carbon present in the sample. Also, 
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differing compositions, including Sn-rich alloys, will be analyzed to determine the 
influence on the resulting particles.    
 
CONCLUSIONS 
This paper describes recent experiments on spark eroding a Si (semiconductor) 
alloy in a dielectric liquid. The particles produced are bimodal in distribution with larger 
crystalline particles and smaller amorphous and crystalline particles. The smaller 
particles are more rapidly quenched in the dielectric and thus can achieve the amorphous 
state. SEM of the sparked particles and eroded surfaces show lower current results in 
smaller particles and finer surface features, which is in agreement with prior spark 
erosion research. TEM and EDS show the larger particles to be chiefly diamond cubic 
silicon with some tin segregated to the surface or partitioned to intercellular regions. 
Otherwise, the tin is mostly located in the smaller particles as a solid solution with Si or 
in an amorphous state. Spark erosion has been shown to be a successful one-step 
synthesis method for producing silicon-tin alloy particles for possible application as an 
energy storage material. 
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ABSTRACT 
Of any portable energy storage technology, lithium ion batteries currently proffer 
the highest energy density, but using a different anode material could dramatically 
improve their capacity. Silicon has a theoretical capacity over ten times higher than 
current anode materials, but with this large capacity comes drastic volume change during 
cycling that pulverizes the material and results in capacity fade. Silicon must be scaled 
down to the nano-level to tolerate the volume expansion and permit a high capacity that 
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is also reversible. Most production methods for silicon nano-particle anodes are overly-
complicated and costly for commercial fabrication. A novel one-step process for 
synthesizing Si-alloy nano-particles via spark erosion is being developed to achieve the 
ideal particulate size, composition and coating architecture. The spark erosion method 
and electrode composition optimization will be described, as well as characterization of 
the resulting particles. 
 
 
INTRODUCTION 
Spark plasma erosion is a commonly used machining process, also known as 
electro-discharge machining. This process can also be used to produce general 
powders1,2, rapidly solidified powders3 and magnetic powders.4 An example of a spark 
erosion set up is shown in Figure 1. A pulsed voltage is applied across two electrodes 
and when the electric field becomes high enough, the dielectric between the electrodes 
breaks down and forms a plasma channel allowing current to flow between the two 
electrodes. Electrons emitted from the cathode and into the gap are energized from the 
electric field and ionize the molecules of the dielectric fluid. The resulting plasma 
channel (tens of microns in diameter, with temperatures in excess of 10,000K and at 
pressures as high as 280 MPa) transfers energy to heat the electrode surfaces locally.5 
When the current is turned off, the plasma channel collapses causing the superheated 
material to be ejected into the dielectric and rapidly quenched. Berkowitz has shown the 
process to produce micro- and nano-sized particles of any nominally conductive 
material.6 
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Figure 1. Spark erosion process schematic, recreated from Berkowitz6 
 
Vons et al. have successfully spark eroded semiconductor materials (intrinsic and 
doped silicon) in argon as a dielectric.7 The group found the erosion rate of intrinsic 
silicon to be insufficient due to the low conductivity and thus doped the electrodes to 
increase the conductivity and the yield of particles. The produced particles were 
pyrophoric and on the order of less than 20 nm.7  
This work further investigates the spark erosion of various semiconductor alloys 
in kerosene as a hydrocarbon dielectric. Alloying silicon with more conductive elements 
will increase the conductivity and yield of the particles, while using kerosene as a 
dielectric will provide a carbon source to passivate the surface of the particles and 
eliminate any pyrophoric behavior. Spark erosion in a carbonaceous dielectric could be a 
promising one-step method to produce silicon and silicon alloy nano-particles for energy 
storage applications. 
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EXPERIMENTAL METHODS 
Spark Erosion Setup 
Tin was chosen as the first alloying element due to its high conductivity, 
ductility, high theoretical lithium capacity (994 mAh/g) and because previous studies 
had already achieved a large reversible capacity with silicon-tin alloy nanoparticles.8 
The silicon-tin phase diagram is a simple eutectic so a range of compositions (Table 1) 
was chosen to ensure percolation of the tin between the dendrites and ensure 
conductivity of the electrodes.9 Antimony has a 660 mAh/g lithium capacity, is 
conductive, has a melting point 400K higher than tin, is brittle and also forms a simple 
eutectic with silicon.10 Thus, antimony was chosen to investigate how changing the 
alloying element will change the sparked particle composition and alloying element 
enrichment. Kerosene (Sigma-Aldrich, reagent grade) was chosen as the dielectric 
because it is relatively non-volatile and clean for a hydrocarbon fluid and is also 
commonly used as an EDM dielectric liquid.11 
Nano-particles were produced via the spark erosion process using a Sharp 300C 
series electric discharge machine (EDM).  The machine was modified with a smaller 
erosion chamber and rotating/flushing spindle attachment. A peristaltic pump flushed the 
dielectric through the center of the electrode at 800 mL/min. The top electrode was set to 
rotate at approximately 130 rpm. The EDM setup and key parameters are shown in Fig. 
2 and Table 2. The drop cast electrode rods used were 6 mm or 16 mm in diameter with 
faced off ends. For characterization all particles were centrifuged in a Beckman Avanti-
40 
JE centrifuge at 17,000 rpm for 20 minutes and transferred to hexane (Alfa-Aesar, n-
Hexane HPLC grade 95+%) using 5 centrifuge runs. 
Table 1. Compositions of electrodes for spark erosion runs 
Run Composition Tested 
1 75Si-25at%Sn 
2 95Si-5at%Sn 
3 95Si-5at%Sb 
4 98.8Si-1.2at%Sn 
5 80Sn-20at%Si 
 
Table 2. Key EDM settings for spark erosion runs 
Setting Value 
T-ON Selector  2 µs 
T-Off Selector  4 µs 
High V Current  0.5 A 
Low V Current  1.5 A 
Gap Voltage  ~1  
 
 
Figure 2. Spark erosion apparatus showing the modified erosion chamber and rotating/spindle 
attachment on the 300C Series Sharp EDM machine 
 
Particle Characterization 
The sparked particles were analyzed using transmission electron microscopy 
(TEM), electron dispersive spectroscopy (EDS), and x-ray photoelectron spectroscopy 
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(XPS) to obtain size, morphology, composition, crystal structure and surface layer 
information. A Tecnai G2 F20 TEM with EDAX EDS detector was operated at 200 keV. 
X-ray photoelectron spectroscopy (XPS) was performed on a Perkin Elmer PHI 5500 
ESCA System with a Ag filament. 
 
RESULTS 
75Si-25at%Sn 
Bright field TEM micrographs of representative particles are shown in Fig. 3 
with a corresponding electron diffraction pattern. The values for nearest neighbor atom 
spacings from analysis of the diffraction pattern are in Table 3. The average EDS values 
of the sample gave a composition of 20Si-80at%Sn. 
   
 
   
Figure 3. TEM of 75Si-25at%Sn spark eroded particles: a) Bright field image of smaller particles, b) 
Bright field image of large and small particles, c) Selected area of bimodal distribution of particles, 
and d) Corresponding selected area diffraction pattern 
 
b) 
c) d) 
a) 
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Table 3. Analysis of Fig 3d SADP. Measured nearest neighbor spacings are compared to crystalline 
silicon planar spacings. 
R (pixels) d (Å) hkl d (Å) Si 
447 3.1 111 3.135 
696 2.0 220 1.920 
859 1.6 311 1.637 
1055 1.3 400 1.358 
 
 Peaks for silicon, tin, oxygen and carbon appeared in the XPS spectra, included 
in Figure 4. Pre- and post-sparked microstructures of the electrodes showing the tin and 
silicon phases are shown in Figure 5. 
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Figure 4. XPS spectra of 75Si-25at%Sn sparked particles: a) Pre-etched, b) Post-etching ~30 nm. 
Etching removes some C and O, but Sn and Si peak heights remain similar. 
 
a) 
b) 
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Figure 5. Microstructure of 75Si-25at%Sn 6 mm diameter electrode rod: a) Drop cast pre-sparked 
microstructure, b) Post-sparked microstructure demonstrating segregation and preferential erosion. 
The darker phase is silicon and lighter is tin. 
 
95Si-5at%Sn Spark Erosion 
TEM images of the particles and diffraction patterns are shown in Figure 6. 
Analysis of the diffraction patterns yielded the values in Table 4 with comparison to 
crystalline silicon values. Averaged EDS of the particles showed the overall composition 
to be about 90Si-10at%Sn.  
 
 
 
 
 
a) b) 
45 
   
 
   
Figure 6. TEM of 95Si-5at%Sn spark eroded particles: a) Bright field image of bimodal 
distribution, b) SADP of largest particle in a) BF image, c) Bright field image of smaller particles, 
and d) Corresponding selected area diffraction pattern 
 
Table 4. SADP analysis of Figure 6b and 6d and comparison with diamond cubic crystalline silicon 
values 
Large Particle Small Particles Crystalline Silicon 
d (Å) d (Å) hkl d (Å) Si 
3.15 3.29 111 3.135 
2.51 2.49 - - 
1.91 - 220 1.92 
1.52 1.55 311 1.637 
1.29 1.31 400 1.358 
1.22 - 331 1.246 
 
95Si-5at%Sb Spark Erosion 
Figure 7 shows TEM micrographs of the particles and diffraction patterns. XPS 
spectra are included in Figure 8. The C1s, Si2p and Sb3d5/2 peaks match with their 
locations at 285 eV, 99 eV and 760-770 eV (3p5/2), respectively, when shifted due to 
a) 
c) 
b) 
d) 
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sample charging.12 Diffraction pattern analysis gave the values listed in Table 5 for 
comparison with crystalline silicon nearest neighbor values. EDS of the particles showed 
the overall average composition to be approximately 92Si-8at%Sb. 
 
    
Figure 7. TEM of 95Si-5at%Sb spark eroded particles: a) Bright field image of bimodal distribution 
with inset SADP, b) Bright field image of smaller particles 
 
Table 5. SADP analysis of Figure 7 and comparison with diamond cubic crystalline silicon values 
Measured d (Å) hkl d (Å) Si 
- 111 3.135 
2.58 - - 
2.41 - - 
1.93 220 1.92 
1.53 311 1.637 
1.31 400 1.358 
- 311 1.246 
 
a) b) 
10 nm 50 nm
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Figure 8.  XPS spectra of 95Si-5at%Sb sparked particles: a) Carbon peak, b) Antimony peak, c) 
Silicon peak. Solid is pre-etching and dashed is after Ar-ion etching several nanometers. All data are 
shown without shifting from sample charging. 
 
98.8Si-1.2at%Sn 
Bright field TEM images of the 98.8Si-1.2at%Sn particles are shown in Figure 9. 
Table 6 includes analysis of the inset SADP in Figure 9. EDS of the particles gave the 
overall composition to be 98Si-2at%Sn, very close to the original. The smaller particles 
were slightly more enriched in Sn, up to ~5at%, while the larger particles were primarily 
pure Si with some segregated Sn on the very largest particles. 
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Figure 9. 98.8Si-1.2at%Sn BF TEM images of a) representative distribution with corresponding 
SADP inset, and b) smaller particles 
 
 
Table 6. SADP analysis of Figure 9 inset and comparison with diamond cubic crystalline Si values 
Measured d (Å) hkl d (Å) Si 
3.35 111 3.135 
2.73 - - 
2.39 - - 
1.72 220 1.92 
1.56 311 1.637 
1.37 400 1.358 
 
 
80Sn-20at%Si 
TEM bright field images of representative particles are included in Figure 10. 
Table 7 includes analysis of the SADP of Figure 10. The overall composition of the 
smaller particles averaged 56Sn-44at%Si while the larger particles were close to the 
initial composition of 80Sn-20at%Si. XPS spectra are included for the higher Sn alloy in 
Figure 11. 
 
a) b) 
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Figure 10. TEM of 80Sn-20at%Si spark eroded particles: a) Bright field image of bimodal 
distribution with inset SADP, b) High resolution image of smaller particles with lattice fringes 
Table 7. SADP analysis of Figure 10 inset and comparison with diamond cubic crystalline Si values 
and tetragonal Sn values 
Measured d (Å) hkl d (Å) Si hkl d (Å) Sn 
3.34 111 3.135 020 2.91 
2.86 220 1.92 011 2.79 
2.70 311 1.637 220 2.06 
1.79 400 1.358 121 2.02 
1.40   031 1.66 
   240 1.30 
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Figure 11. XPS spectra of 80Sn-20at%Si sparked particles: a) Carbon peak, b) Oxygen peak, c) Tin 
peak, and d) Silicon peak. Solid is pre-etching, long dashed is after Ar-ion etching ~5 minutes and 
short dashed is after a further ~5 minute etch. Approximate etching rate is 10 nm/minute. All data 
are shown without shifting from sample charging.  
 
DISCUSSION 
From TEM the particle size distribution appeared bimodal as was generally 
expected from Berkowitz.13 The small particles for all compositions appear amorphous 
from the low contrast in the bright field images and the diffuse rings of the diffraction 
pattern. However some lattice fringes do appear in the high resolution images. The 
particles, therefore, consist of mixed amorphous and crystalline phases in agreement 
with Berkowitz’s work.14 The largest particles are almost pure crystalline silicon for the 
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sparked silicon-rich alloys. Most of the nearest neighbor atom spacings from the 
diffraction patterns were comparable to the values for the diamond cubic phase of silicon 
for the silicon-rich alloys and to body-centered tetragonal tin for the tin-rich alloys. 
Some diffraction patterns evidenced a d-spacing in the ~2.3-2.7 Å range and a d-spacing 
around ~3.3 Å which did not match well with equilibrium Si nor Sn phases. These 
spacings can be correlated to a metastable Si phase and perhaps some solubility of Si in 
Sn and Sn in Si. Many possible phases were examined through the High Score and 
Pearson’s Crystal databases, including the polymorphs of silicon carbide, however none 
corresponded as well to all the d-spacings as a dense Si phase (Table 8).15 While perhaps 
not this exact phase, the particles are likely a metastable one that is similar. Due to the 
high quenching rate of the particles, it is expected that the particles could be metastable 
as evidenced by the d-spacings and amorphous nature seen in the TEM.5,6  
Table 8. D-spacings and hkl values for the non-equilibrium dense Si phase15 
hkl d (Å) dense Si 
020 3.318 
200 2.709 
011 2.346 
101 1.916 
220 1.774 
121 1.659 
211 1.564 
031 1.484 
301 1.415 
002 1.355 
112 1.301 
 
From the post-sparked microstructure of the 75Si-25at%Sn electrodes and EDS 
values for all compositions, it is evident that preferential erosion occurred of the lower 
melting, more conductive tin phase. Berkowitz and Walter claimed particle 
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homogenization is generally favored because of the width of the plasma column and 
resulting spark crater and also since refrozen material is frequently re-sparked, although 
it is difficult to predict for any given set of power/alloy/dielectric conditions.5 In the Si-
Sn case, it is expected the large difference in conductivity and melting points highly 
encouraged melting and evaporation of tin and therefore segregation of the silicon in the 
electrodes. 
Motivated by the 75Si-25at%Sn particle results, the alloy compositions with 
higher silicon content were chosen to attempt to increase the amount of retained silicon 
in the sparked particles. The tin content in the 95Si-5at%Sn particles only increased 
5at% from the original electrode composition, so enrichment was partially prevented by 
a higher silicon content alloy.  
While tin enrichment was partially prevented by higher silicon content, it was 
predicted better compositional control could be obtained by using an alloying element 
with properties closer to silicon while still conductive and able to store lithium. For the 
95Si-5at%Sb electrodes, the overall sparked particle average composition was only 3at% 
more antimony than the original electrodes so the change from tin slightly decreased the 
alloying element enrichment during spark erosion. The nearest neighbor atom spacings 
of 95Si-5at%Sb were not as close to those of crystalline silicon as for the 95Si-5at%Sn 
particles.   
Increasing the silicon content of the alloy up to 98.8Si-1.2at%Sn minimized the 
preferential erosion of Sn. The amount of Sn was low enough that the composition of the 
sparked particles, both large and small, remained almost exactly the same as the 
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electrodes. It is expected that the amount of Sn in the interdendritic spacing was so small 
that the plasma channel of the spark event included mostly Si and thus Sn could not 
preferentially erode. 
Higher Sn content (80Sn-20at%Si) electrodes showed greater variation in particle 
composition from the small to large sparked particle distributions. The observed higher 
Si content in the smaller particles (unlike all the other compositions) is attributed to the 
similar boiling points of Si and Sn, 2355oC and 2270oC, respectively. Because it is 
believed that the smaller particles are formed from vaporized material according to 
Berkowitz, if the two materials boil at similar temperatures then homogenization of the 
particle composition would be favored.6 
The carbon and oxygen peaks in all the XPS spectra decreased while the 
silicon/tin/antimony peaks remained strong after etching the powder samples. Thus the 
oxygen and carbon are present primarily on the surface of the particles. Due to the 
silicon/tin/antimony peak shifts with removal of oxygen, it is possible the small amount 
of oxygen is present as a surface oxide, formed upon exposure to the atmosphere during 
sample preparation for analysis. All elements matched their reported binding energies 
after shifting the spectra due to sample charging.12 The XPS spectra show carbon on the 
particle surfaces but the type of carbon is inconclusive as the chemical shift of the 
carbon peaks cannot be resolved between hydrocarbon and graphitic carbon.12  
In future studies of spark eroded silicon alloy nano-particles, quantity and forms 
of carbon, and morphology and size distributions will be examined. Further 
characterization will include microscopy for particle morphology, spectroscopy for 
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particle composition and surface layer information, and thermal analysis for surface 
layer investigation to fully analyze the sparked materials and their properties.   
 
CONCLUSIONS 
 
Silicon alloy nano-particulate materials were successfully spark eroded and 
characterized using TEM, XPS and EDS techniques. All spark eroded particles showed 
similar bimodality, size, morphology, crystallinity and composition characteristics. The 
bimodal size distribution of small amorphous and larger crystalline particles consistently 
peaked at ~5 nm and ~1 µm. The nearest neighbor spacings of the silicon-rich alloys 
were comparable with crystalline diamond cubic silicon and metastable Si, and the 
spacings of the tin-rich alloys were comparable with tetragonal tin. All particles 
analyzed in XPS showed the presence of absorbed oxygen on the surface and an 
inconclusive form of carbon present also on the surface from sparking in kerosene. 
 Increasing the silicon content of the electrodes improved the spark erosion 
homogeneity and resulted in a particle composition closer to that of the electrodes. The 
more conductive, lower melting alloying phase was found to preferentially erode, but the 
enrichment could be minimized by increasing the silicon content and using an alloying 
element more similar to silicon in properties. Spark erosion of silicon alloys in a 
hydrocarbon dielectric was successful in producing silicon alloy nano-particles. 
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ABSTRACT 
High energy density portable energy storage is in high demand due to portable 
electronics and electric vehicles. Of the more mature energy storage technologies, 
lithium ion batteries have the highest energy density, which could be made even higher 
by using different anode materials. Silicon in particular has a capacity that is over ten 
times greater than the currently used commercial carbon materials. There is a large 
volume expansion in order to achieve this high capacity in silicon, which causes the 
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material to pulverize and the capacity to fade rapidly during cycling. By moving to the 
nano-scale, advancements have been obtained due to the unique micromechanics in 
retaining silicon’s higher capacity. In particular, carbon-coated nano-scale silicon shows 
great promise as a possibility for the next generation anode material. Spark plasma 
erosion has been investigated as a one-step process to produce carbon-coated silicon 
nano-particles. The resulting carbon layer from the hydrocarbon dielectric breakdown 
was thoroughly characterized using TEM, EDS, XPS, Auger, NMR and TGA. These 
methods indicate the carbon layer is conformal, adhered, tenacious and primarily 
constituted of carbon bonded to hydrogen (sp3) and carbon triple-bonded to carbon (sp). 
 
INTRODUCTION 
Increased portable energy storage is required due to the prevalence of 
transportable electronics and the integration of electric vehicles into modern society. 
Lithium ion batteries have the highest energy density of any current portable energy 
storage technology.1 Using silicon as an anode material in a lithium ion battery instead 
of the currently used carbon could increase the capacity even further. However, to 
achieve high capacity, the volume expansion of silicon is over 300% which the brittle 
material cannot accommodate.2 Silicon must be scaled down to the nano-level in order to 
avoid the pulverization of the material during cycling. Additionally, coatings, especially 
of carbon, have been found to benefit capacity stability. For example, successful cycling 
of nano-scale silicon out to 40 cycles at 3500 mAh/g has been achieved by Cho et al. 
using 10 nm carbon-coated silicon particles.3 
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Unfortunately processes to produce carbon-coated silicon nano-particles are 
costly and complicated to scale up for commercial production. A one-step method is 
required to make carbon-coated silicon nano-particles for anodes in lithium ion batteries.  
Spark plasma erosion has been shown to produce nano-scale particles and Vons 
et al. have demonstrated the spark erosion of silicon and doped silicon electrodes; 
however the produced particles were pyrophoric when exposed to air.4 Past experiments 
in Berkowitz’s group have shown an interaction between the electrodes and the 
dielectric during the spark erosion process.5 Spark eroded particles in a kerosene 
dielectric produced in this group have had a large amount of carbon present in the final 
product.6 There is some evidence that a carbon layer forms during the erosion/quenching 
process through ionization of the hydrocarbon dielectric fluid and remains adhered to the 
particles. Part of this evidence is from measurements indicating the absence of a thick 
exterior oxide layer on the particles that would suggest the suppression of significant 
reaction with ambient oxygen.6 In this work, the surface of silicon alloy particles 
produced by spark erosion in kerosene is thoroughly characterized using TEM, EDS, 
XPS, Auger, NMR and TGA to determine the form and location of the carbon in the 
sample.  
 
 
EXPERIMENTAL METHODS 
The spark erosion process, diagramed in Figure 1, was used to produce tin and 
silicon alloy particles, using a Sharp 300C series electric discharge machining (EDM) 
unit with a modified (low volume) erosion chamber and a rotating spindle attachment. 
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The key parameters are listed in Table 1. Kerosene (Sigma-Aldrich, reagent grade) was 
used as the dielectric liquid. The electrodes were 16 mm diameter drop cast rods of 
80Sn-20at%Si. Tin was chosen to alloy with Si for its high conductivity, ductility and 
high theoretical lithium capacity (990 mAh/g). Previous research has shown a large 
reversible capacity with silicon-tin alloy nanoparticles.3 After sparking, the particles 
were centrifuged at 17,000 rpm in a Beckman Avanti-JE centrifuge with a JA-17 rotor to 
remove the kerosene and solvent wash with hexane (Alfa-Aesar, n-Hexane HPLC grade 
95+%) through five exchanges.   
 
Figure 1. Spark erosion process schematic, recreated from Berkowitz7 
 
Table 1. Spark erosion key parameters 
Spark Time On 2 µs Gap Voltage 1 V 
Spark Time Off 4 µs Polarity Reverse 
High Voltage Current 0 A Rotation Speed ~130 rpm 
Low Voltage Current 1.5 A    
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Transmission electron microscopy (TEM) and energy dispersive spectroscopy 
(EDS) were used to characterize the resulting particles. Bright field images, diffraction 
patterns and EDS of the sparked particles were obtained with a Tecnai G2 F20 TEM 
operated at 200 keV. X-ray photoelectron spectroscopy (XPS) was performed on a 
Perkin Elmer PHI 5500 ESCA System with a Ag filament. A JEOL JAMP-7830F field 
emission auger microprobe was used for auger spectroscopy operating at 10 kV and 5 
kV. For both XPS and Auger analysis, samples (suspended in hexane) were dropped 
onto stubs, allowed to evaporate and then inserted into the instrument. Nuclear magnetic 
resonance spectroscopy (NMR) was performed on an Oxford 600 NMR instrument. The 
particles were packed in a glove box in a 3.2 mm zirconia rotor with an air-tight cap 
including two O-rings. 13C{1H} cross-polarization magic-angle spinning (CPMAS) and 
29Si direct polarization (DP) MAS spectra were obtained at 14.1 T and 9.4 T 
spectrometers, respectively. Additional experimental details are listed in the figure 
captions. A Netzsch STA 409 PC was used for simultaneous thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC). After purging the instrument 
chamber, the sample was heated from room temperature to 100oC at 5oC/min, 
isothermally held for 5 min at 100oC to remove any solvent, and then heated from 100oC 
to 800oC at 5oC/min. Two runs were performed for oxidation comparison: one run under 
a dry air atmosphere and the other under helium. 
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RESULTS 
EDS 
EDS showed the presence of significant carbon in the sample and variation in the 
tin and silicon content of the particles. The smaller particles averaged approximately 
56Sn-44at%Si, while the larger were close to the initial composition of 80Sn-20at%Si. 
In the agglomerated small particles, the carbon content was as high as 85at%, while the 
larger particles exhibited about 20at% carbon. 
 
XPS 
Si2p, Sn3d5/2, C1s and O1s peaks are exhibited in the XPS spectra of the sparked 
particles (Figure 2). The C peak was shifted due to charging to align with the graphite 
and (CH2)n binding energies at ~284.4 and ~284.8 eV, respectively.8 These two values 
are too close to resolve individually in this sample. Both the metal (484.65 eV) and 
oxide (486.4 eV) peaks are evident in the Sn spectra upon etching.8 The Si counts are 
low, almost at background level, and thus the form of Si is unidentifiable from this 
method. 
 
Auger Spectroscopy 
Multiple point scans with depth profiling showed the sample contained oxygen, 
carbon, silicon and tin. The carbon content barely decreased with depth profiling of the 
smaller particles, while the oxygen peak almost completely disappeared (Figure 3). 
Larger particles were able to be almost completely cleaned of both carbon and oxygen. 
Etching occurred at an estimated rate of ~10 nm per minute. 
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Figure 2. XPS spectra of 80Sn-20at%Si sparked particles: a) Carbon peak, b) Oxygen peak, c) Tin 
peak, and d) Silicon peak. Solid is pre-etching, long dashed is after Ar-ion etching ~5 minutes and 
short dashed is after a further ~5 minute etch. Approximate etching rate is 10 nm/minute. All data is 
shown without shifting from sample charging.  
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Figure 3. Auger micrograph and composition depth profiles: a) Point A in micrograph and b) Point 
B, etching at an estimated ~10 nm/min. Points were chosen to examine the range of particles present. 
Other sample points showed similar profiles (not included), albeit larger particles showed a decrease 
in C% with etching. 
A 
B 
a) 
b) 
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NMR  
Two major contributions centered around 80 and 35 ppm, assigned respectively 
to alkyne (‒C≡C‒) and ‒CH2‒ carbons, are evident in the 13C{1H} CPMAS spectrum of 
the 80Sn-20at%Si sparked particles (Figure 4). The 29Si DPMAS spectrum (Figure 5) 
shows a broad signal centered at -64 ppm.  
 
Figure 4.   13C{1H} CPMAS spectrum of 80Sn-20at%Si sparked particles. The spectrum was taken 
with MAS rate νR = 16 kHz, recycle delay τRD = 1.5 s, number of scan NS = 8000, acquisition time 
AT = 3.5 h. The reference is tetramethylsilane (TMS) at 0 ppm. 
 
 
Figure 5.   29Si DPMAS spectrum of 80Sn-20at%Si sparked particles. The spectrum was taken with 
MAS rate νR = 5 kHz, recycle delay τRD = 1 s, number of scan NS = 100000, acquisition time AT = 28 
h. The reference is tetramethylsilane (TMS) at 0 ppm. 
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TGA 
Figure 6 demonstrates under an inert atmosphere (helium) there was less than a 
5wt% loss up to 800oC, while under an oxidizing atmosphere (dry air) there was less 
than a 3wt% gain in the sample mass of the 80Sn-20at%Si particles (Figure 6).  
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Figure 6. TGA scans of mass percent change under helium and dry air atmospheres 
 
Other Particle Observations 
Other observations also support the predicted decomposition of the kerosene to 
form a carbon layer on the particles. There is a significant color difference between 
silicon particles sparked in kerosene versus water (Figure 7). The kerosene sparked 
particles are a dark black, while the water sparked particles are a light brown. The 
particles are in the same size range (TEM analysis), and thus the color is an indication of 
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surface character. Silicon particles sparked in water look very similar to purchased 
oxidized silicon particles. 
 
Figure 7. Samples of sparked and purchased powders, from left to right: 98.8Si-1.2at%Sn sparked 
in kerosene, 80Sn-20at%Si sparked in kerosene, 98.8Si-1.2at%Sn sparked in water, purchased 
nano-Si 
 
 
DISCUSSION 
 
XPS 
The shift of the C1s peak to 284.4-284.8 eV due to charging moved the O1s, 
Si2p, and Sn3d5/2 peaks to match their respective binding energies fairly closely.8 The 
peak position for cubic silicon carbide is 99.5 eV for Si2p and 282.4 eV for C1s.9 If the 
C1s peak is shifted for Si-C, and the others are also shifted accordingly, then the other 
peak positions are shifted too far to line up well. After performing Ar-ion etching, the tin 
oxide peak fades, indicating the oxide forms after the particles do and is likely from 
absorbed oxygen when the sample is exposed briefly to the atmosphere during mounting 
for measurement. Both the carbon and oxygen continue to decrease with further Ar-ion 
etching. The Si and Sn peaks shifted to lower binding energy with etching, indicating 
more metallic character in the bonds towards the core of the particles. This is strong 
67 
indication that the carbon is present on the surface as a hydrocarbon and as an adhered 
layer on the particles. 
Auger Spectroscopy 
The carbon layer was very tenacious as it was difficult to remove with Ar-ion 
etching. Some of the larger particles when etched could be fairly cleaned of carbon 
indicating the presence of carbon on the surface only and as an adhered layer. The 
removal of oxygen with etching on both small and larger particles indicated it to be 
“advantageous” oxygen due to sample exposure to the atmosphere during mounting. 
NMR 
Cross polarization (CP) NMR depends on heteronuclear dipolar interactions (in 
this case, 1H and 13C) in which only 13C nuclei that have protons in their proximity are 
visible. Any remaining solvent signals are then invisible since in a liquid the dipolar 
interactions average out and the CP method is ineffective. The 29Si DPMAS spectrum 
resonance frequency centered at -64 ppm is slightly shifted toward the lower-field side 
as compared to that of crystalline silicon (-73 ppm), which may suggest that the Si 
becomes slightly more metallic in the Si-Sn sample. The shift is not large enough to be 
concluded as resulting from Knight shift, while the T1(spin-lattice) and T2(spin-spin) 
relaxations were significantly accelerated in the sample, possibly due to conduction 
electrons. No oxide nor carbide signatures (e.g., from SiC) were evident in the NMR 
spectra, only alkyne (‒C≡C‒) and ‒CH2‒ carbons.10 
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TGA 
TGA showed the external carbon layer on the particles to be stable and 
conformal. The oxidation temperature ranges and temperature for maximum rate of 
oxidation for silicon and various forms of carbon are shown in Table 2. From the mass 
(%) versus temperature of the sample under zero air, there is a change in slope where tin 
melts (231.93oC) and there is likely oxidation of the silicon after 600oC.  This indicates 
the particles have a relatively protective layer even in the presence of molten tin. 
Additionally this is further evidence that the carbon is not present as silicon carbide, 
since silicon carbide is extremely stable past 800oC in air. It is possible that the weight 
gain from oxidation of silicon is partially shadowed by removal of the carbon layer 
above 600oC as some form of soot/nano-carbon/graphite, however there is no change in 
slope that points to a specific form of carbon.  
 
Table 2. Oxidation behavior of various materials 
Material Atmosphere Oxidation 
Temperature (oC) 
Reference 
Silicon air > 300oC (slowly)        
> 600oC (rapidly) 
11 
Amorphous carbon air 250oC 12 
Carbon nanotubes/nanoparticles air 695oC 13 
C60 air 420oC 13 
Graphite air 645oC 13 
Diamond-like coating air 500oC 14 
Soot air 585oC 15 
Alkyl groups on Si NPs air 518oC 16 
Silicon carbide nanoparticles air Stable past 800oC 17 
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Future work includes testing these particles electrochemically to determine if the 
carbon-coated Si-Sn alloy nano-particles will have high capacity and good reversibility 
as lithium ion battery anode materials. 
 
CONCLUSIONS 
From these analyses, it is clear that kerosene breaks down during the spark 
erosion process and forms a carbon layer on the resulting particles. The carbon is present 
as an adhered, tenacious layer on the particles that is formed primarily of hydrocarbon 
species. Spark erosion is a successful method to produce carbon-coated silicon and tin 
alloy nano-particles in a single step. 
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ABSTRACT 
Of the currently available portable energy storage technologies, lithium ion 
batteries offer the highest energy density, but by using different anode materials their 
capacity could be even higher. The theoretical lithium capacity of silicon is over ten 
times higher than commercial carbonaceous anode materials. However, silicon must be 
scaled down to the nano-level to mitigate pulverization from drastic volume changes that 
occur to achieve this high capacity during cycling. Silicon nano-particle anode synthesis 
techniques are costly and overly-complicated for commercial production. A novel one-
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step process for synthesizing Si-Sn alloy nano-particles via spark erosion is being 
developed to achieve the ideal particulate size and coating architecture. The spark 
erosion method, characterization of the resulting particles and their electrochemical 
performance as anodes will be described.   
 
INTRODUCTION 
With the effort to reduce carbon-based fuel dependence and the extensive use of 
portable electronics, high energy density power sources have considerably increased in 
importance. Lithium ion batteries have one of the highest volumetric and gravimetric 
energy densities of the currently available electrochemical energy storage technologies.1   
The first lithium ion cells were commercially produced by Sony in the early 
1990s with a lithium cobalt oxide cathode and a graphitic carbon anode.2 These cells 
have good safety and cyclability, but have limited capacity inherently due to the anode 
and cathode materials used. The anode particularly has potential for increasing cell 
capacity; there are many materials with a higher theoretical capacity than the 372 mAh/g 
capacity of carbon (Table 1). Of these alternatives, silicon has one of the highest known 
capacities.3  
Table 1. Theoretical specific capacities of various lithium alloys2 
Material Theoretical Capacity (mAh/g) 
Li 3862 
LiC6 372 
Li15Si4 3579 
Li22Sn5 990 
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Silicon is not currently used because of its limited bulk cyclability as an anode 
material.4 When silicon alloys with lithium ions, the crystal structure volume can expand 
over 300%, which causes the brittle material to disintegrate, leading to a rapid capacity 
fade during cycling.4 Nano-scale lithium reactive materials (including Si) have been 
found to improve electrochemical performance by: 1) increasing charge/discharge rates 
due to shorter diffusion distances, 2) unique mechanical properties allowing for larger 
volume expansion, and 3) thermodynamic and kinetic properties causing changes in 
structure.5 Many investigations have been made into nano-scale composite anodes of 
silicon such as nano-wires, nano-films, and nano-particles with improvements in the 
capacity and cyclability of the materials. Kim et al. were successful in obtaining a 
capacity of 3500 mAh/g over 40 cycles by preparing 10 nm carbon-coated silicon nano-
particles using reverse micelles at high pressure and temperature in a sealed “bomb” 
vessel.6 Unfortunately, these methods, while enabling higher capacities with good 
cyclability, are costly and complicated to scale up for large quantity production and 
practical commercial application. Thus, a simple one-step synthesis method with 
potential for continuous production is required to produce similarly structured and sized 
silicon alloy nanoparticles for use in commercial lithium ion batteries. 
Generally, micron-sized metallic powders, rapidly solidified metallic glass 
powders and even rare-earth containing magnet alloy powders have been produced 
through the process of spark erosion. It is versatile, inexpensive and the type of 
equipment required is widely commercialized as electric discharge machining (EDM). In 
the spark erosion process, two consumable electrodes are separated by a small gap, 
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submersed in a dielectric fluid, and connected to a pulsed external power source. When a 
high enough electric field results from the applied voltage, breakdown of the dielectric 
fluid occurs producing a spark discharge between the electrodes. Electrons emitted from 
the cathode and into the gap are energized from the electric field and ionize the 
molecules of the dielectric fluid. The resulting plasma channel (tens of microns in 
diameter, with temperatures in excess of 10,000K and at pressures as high as 280 MPa) 
transfers energy to heat the electrode surfaces locally.7 This highly localized heating can 
eject vaporized and/or molten material from the electrode surfaces. The ejected material 
is rapidly quenched by the dielectric fluid, forming particles.  
Spark erosion of semiconductors in argon was shown to be feasible for 
nanoparticle production by Vons et al. using a very high voltage potential difference, 
along with intrinsic silicon and doped p-type silicon rods.8 While successful in 
producing silicon particles less than 20 nm, there are still issues with the process Vons 
used. The particles produced were pyrophoric and rapidly reacted with any exposure to 
oxygen. To prevent oxidation and to obtain the better electrochemical performance of 
the silicon nano-particles of Kim et al., it appears to be essential to coat the silicon nano-
particles with carbon. Thus, we investigated the spark erosion process using a 
conventional EDM unit and silicon alloy electrodes (to lower the required breakdown 
potential) in a hydrocarbon dielectric (providing a carbon source for decomposition) as a 
one-step synthesis method to produce silicon alloy nano-particles on the order of 10 nm. 
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EXPERIMENTAL METHODS 
Spark Plasma Erosion 
16 mm drop cast Si-Sn alloy rods of compositions 98.8Si-1.2at%Sn and 80Sn-
20at%Si were spark eroded in kerosene (Sigma-Aldrich, reagent grade) as a dielectric 
fluid in a modified erosion chamber on a Sharp 300C series electro-discharge machine. 
The experimental parameters are listed in Table 2. The particles were collected by 
centrifuging at 17,000 rpm for 20 minutes in a Beckman Coulter Avanti-JE centrifuge 
using stainless steel tubes in a JA-17 rotor. The particles were washed with hexane 
(Alfa-Aesar, n-Hexane HPLC grade 95+%) by solvent exchange using a sonic bath and 
5 centrifuge runs, decanting the solvent and replacing with clean hexane after each run. 
To obtain particles for electrochemical testing, the hexane-dispersed particles were dried 
under vacuum. 
Table 2. Spark erosion key processing parameters 
Spark Time On 2 µs Gap Voltage 1 V 
Spark Time Off 4 µs Polarity Reverse 
High Voltage Current 0 A Rotation Speed ~130 rpm 
Low Voltage Current 1.5 A    
 
Particle Characterization 
Bright field images, diffraction patterns and EDS of the sparked particles were 
obtained with a Tecnai G2 F20 TEM operated at 200 keV. X-ray photoelectron 
spectroscopy (XPS) was performed on a Perkin Elmer PHI 5500 ESCA System with a 
Ag filament. 
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Electrode Casting 
Sparked particles were mixed in a slurry and cast on cleaned Cu foil (25 m 
thick) using a doctor blade set to 0.010 in or ~250 μm. The slurries were mixed in ratios 
of 10:70:5:15, 30:50:5:15, 50:30:5:15 and 70:10:5:15 weight ratios of sparked particles 
to graphite (Timrex, SFG 6L) to carbon black (Timrex, Super C65) to PAA (Sigma-
Aldrich, Mw ~450,000). Different ratios were used as Beattie et al. have found low-Si-
concentration electrodes to have better cycling performance.9 The sparked particles and 
carbons were mixed in water using an ultrasonic probe for 1 minute, followed by adding 
PAA and stirring at 800 rpm for 1 hour. 
Half-cell Electrochemical Test Fixture 
Half-cells of the electrodes were made in an argon atmosphere glovebox (<10 
ppm oxygen and water levels) to minimize water contamination and also to prevent 
reaction of the lithium metal and the moisture-sensitive electrolyte. A 2016 cover and 
can were used with the corresponding polypropylene gasket and nickel foam as a spacer 
and spring. The counter-electrode used was 0.38 mm thick lithium metal (Sigma-
Aldrich, 99.9%), punched to 9/16 inch diameter. The separator used was 25 µm thick 
Celgard 2400 microporous polyethylene, punched to a 3/4 inch diameter circle. The 
electrodes were punched into 5/16 inch diameter disks. The components were assembled 
and wetted with 30 µL of 1 M LiPF6 in EC:DEC, 1:1 ratio, electrolyte.  
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Galvanostatic Charge/Discharge Cycling 
The electrodes were charge/discharge cycled in lithium metal half-cells to 
determine their electrochemical performance using an ARBIN BT-2000 system. The 
cells were cycled first at a C/20 rate based upon their theoretical capacity within a 
voltage range of 0.01-1.0 V for 2 cycles with a taper charge for formation of the SEI 
layer. Then using the actual charge capacity from the second cycle, the cells were cycled 
at C/10 rate from 0.01-1.0 V for 200 cycles. The cycling data were analyzed to show the 
coulombic efficiency of the cells as calculated by Eq. 1.   
 %CE	ൌ	100%	‐	 discharge	capacity‐charge	capacitydischarge	capacity 	ൈ	100%         (1) 
 
RESULTS 
Particle Characterization 
From general observations in the TEM, the particles produced through spark 
erosion in kerosene were bimodally distributed at ~5 nm and ~0.5 µm. More quantitative 
size distribution using automated nano-particle size analysis (e.g., Sympatec Nanophox 
PCCS system) was frustrated by agglomeration of the nano-particles. Attempts to 
effectively disperse/de-agglomerate the nano-particle size fraction were futile (Appendix 
C). Bright field TEM images of particles of both compositions are shown in Figures 1 & 
2, along with SADPs of the particles. EDS in the TEM of the smaller 80Sn-20at%Si 
particles averaged approximately 56Sn-44at%Si, while the larger were close to the initial 
composition of 80Sn-20at%Si. EDS of the 98.8Si-1.2at%Sn smaller particles averaged 
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98Si-2at%Sn, while the larger were predominately pure Si. Both samples evidenced the 
presence of significant carbon. 
  
 
Figure 1. 98.8Si-1.2at%Sn TEM images: a) BF micrograph of representative distribution, b) HR 
image of smaller particles, c) SADP of general distribution 
 
a) b) 
c) 
79 
  
 
Figure 2. 80Sn-20at%Si TEM images: a) BF micrograph of representative distribution, b) HR 
image of smaller particles with lattice fringes, c) SADP of general distribution 
Electrochemical Performance 
 The various ratios of the 80Sn-20at%Si slurries determined the optimal 
composition for the electrodes of the 98.8Si-1.2at%Sn particles. The 10:70:5:15 ratio of 
80Sn-20at%Si performed the best with a reversible capacity of ~350 mAh/g for over 150 
cycles at a C/10 rate (Figure 3). The 50:30:5:15 had the highest capacity fade, ending at 
~200 mAh/g after 200 cycles.  
a) b) 
c) 
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Figure 3. Capacity vs. cycle number for 80Sn-20at%Si spark eroded particles for differing ratios of 
active material. Included for comparison is a graphite half-cell (80:5:15 ratio). Tests are ongoing at 
time of publication and are progressing to 200 cycles if not shown out to 200. 
  
The 98.8Si-1.2at%Sn sparked particles demonstrated a reversible capacity of 
~380 over 200 cycles at a C/10 rate in a voltage range from 0.01-1.0 V (Figure 4). 
Increasing the ratio of sparked particles to 70:10:5:15 led to a higher initial capacity 
(~1200 mAh/g) but also to rapid capacity fade. 
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Figure 4. Capacity vs. cycle number for 98.8Si-1.2at%Sn spark eroded particles in differing ratios of 
active material 
 
DISCUSSION 
The diffuse rings in the TEM SADPs of the smaller particles indicate they are 
mostly amorphous, while the larger particles give a crystalline pattern. Previous work on 
sparked eroded particles in kerosene (Chapter 4) demonstrated the kerosene to 
ionize/decompose during the process and to form a carbon layer on the particles. Both 
the 80Sn-20at%Si and the 98.8Si-1.2at%Sn particles exhibited similar carbon content 
and the same characteristics of a tenacious, adhered, primarily hydrocarbon layer. 
Both the 80Sn-20at%Si and the 98.8Si-1.2at%Sn particles when added in a 
10:70:5:15 electrode performed at reversible capacities (~350 mAh/g and ~380 mAh/g, 
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respectively) that are higher than currently used carbon (practically ~300 mAh/g).10, 11 
The other higher active material ratio electrodes had higher initial capacities but greater 
capacity fade in agreement with Beattie et al.9 
The lower than theoretical capacity of the 80Sn-20at%Si could be due to the 
large amount of carbon present on the particles. The carbon layer is most likely primarily 
hydrocarbon in nature which would have low conductivity and capacity for Li.12 Also 
decomposition of this layer and interaction with the liquid electrolyte would further limit 
the capacity of the particles. With more sparked particles in the electrode the amount of 
hydrocarbon is greater and the conductivity is lowered. 
The large capacity fade of the 98.8Si-1.2at%Sn particles is likely due to the 
carbon layer, as previously mentioned, but also is attributed to the bimodal distribution 
of particles that still includes particles larger than the ~150 nm experimental critical 
particle size for Si.13 These larger particles of the bimodal distribution are probably 
fracturing during cycling and losing electrical conductivity and thus capacity during 
cycling. Additionally fresh fracture surfaces will form new SEI layer, further reducing 
the capacity of the cells. Again, increasing the amount of sparked particles (active 
material ratio) adds additional larger-than-critical size particles, as well as the 
hydrocarbon layers on those particles, which will decrease the performance and capacity 
of the electrode. Attempts to separate the larger size (micron-scale) fraction from the 
nano-fraction have so far been unsuccessful (Appendix C). 
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Future work would need to focus on de-aggregating the nano-particles and 
finding an effective filtering or separation mechanism to select only the nano-metric 
fraction of particles in order to achieve higher capacity. 
 
CONCLUSIONS 
The spark eroded carbon-coated silicon alloy nano-particles show a reversible 
capacity of ~350 mAh/g for higher Sn content and ~380 mAh/g for higher Si content. 
Both capacities are higher than the current commercial carbons which practically 
achieve only ~300 mAh/g. It is expected that the hydrocarbon layer on the particles 
limits their overall capacity and reversibility. Additionally the higher Si alloy particles 
have lower conductivity (due to the increased amount of Si) and the size of the larger 
bimodal particles is still above the critical size for Si.  
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ABSTRACT 
Lithium ion batteries offer the highest energy density of any currently available 
portable energy storage technologies. By using different anode materials, these batteries 
could have an even greater energy density. One material, tin, has a theoretical lithium 
capacity over three times higher than commercial carbon anode materials. Unfortunately, 
to achieve this high capacity, bulk tin undergoes a large volume expansion and the 
material pulverizes during cycling giving a rapid capacity fade. To mitigate this issue, tin 
must be scaled down to the nano-level to take advantage of unique micromechanics at 
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the nano-scale. Synthesis techniques for tin nano-particle anodes are costly and overly-
complicated for commercial production. A novel one-step process for producing Sn 
nano-particles via spark erosion has been developed to achieve the ideal coating 
architecture and particulate size. The spark erosion method, characterization of the 
resulting particles and their electrochemical performance as anodes will be described.   
 
INTRODUCTION 
The widespread use of portable electronics and efforts to extend the range of 
electric vehicles have greatly motivated the search for higher energy density portable 
power sources. Of the currently available energy storage technologies, lithium ion 
batteries offer one of the highest energy densities both volumetrically and 
gravimetrically.1   
Sony produced the first commercial lithium-ion cells in the early 1990s with a 
lithium cobalt oxide cathode and a graphitic carbon anode.2 While these cells have good 
safety and cyclability, their capacity is inherently limited due to the anode and cathode 
materials used. In particular, the anode has potential for increasing cell capacity; there 
are many materials with a higher theoretical capacity than the 372 mAh/g capacity of 
carbon. Of these alternatives, tin has one of the highest known capacities at 990 mAh/g 
and high electronic conductivity which is important for high rate cells and could reduce 
the necessary amount of added carbon for electrode conductivity.3  
Tin is not currently used as a lithium ion anode material because of its limited 
bulk cyclability. When tin alloys with the lithium ions, the crystal structure volume 
expands drastically (300%) which can cause the material to disintegrate, leading to a 
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rapid capacity fade during cycling.4 Nano-scale lithium reactive materials have been 
found to improve electrochemical performance by: 1) shorter diffusion distances 
increasing charge/discharge rates, 2) larger volume expansion allowed due to unique 
mechanical properties, and 3) structural changes from thermodynamic and kinetic 
properties.5 Many investigations have been made into nano-scale composite anodes of 
tin such as nano-wires, nano-films, and nano-particles with improvements in the capacity 
and cyclability of the materials. Xu and co-workers obtained notable high capacities at 
high rates by dispersing 10 nm Sn within a spherical carbon matrix.4 Zhou et al. obtained 
533.4 mAh/g at 100 mA/g current density after 50 cycles by fabricating tin-based 
composite chrysanthemum-like microstructures of SnO2 nanoparticles. The capacity 
faded due to expansion of the particles and collapse of the structure, producing fresh 
interface to react and form further SEI layer in addition to agglomeration of the particles 
that were produced at higher temperatures.6  
While producing materials that reach higher capacities with good cyclability, in 
general these methods are costly and complicated to scale up for large quantity 
production required for practical commercial application. Thus, a simple one-step 
synthesis method with potential for continuous production is highly desirable to produce 
similarly structured and sized carbon coated tin nanoparticles for use in commercial 
lithium ion batteries. 
Generally, micron-sized metallic powders7-8, rapidly solidified metallic glass 
powders9 and even rare-earth containing magnet alloy powders10 have been produced 
through the process of spark erosion. It is versatile, inexpensive and the type of 
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equipment required is widely commercialized as electric discharge machining (EDM). In 
the spark erosion process, two consumable, electrically conductive electrodes are 
separated by a small gap, submersed in a dielectric fluid, and connected to a pulsed 
external power source. When a sufficiently high electric field results from the applied 
voltage, breakdown of the dielectric fluid occurs, producing a spark discharge between 
the electrodes. Electrons emitted from the cathode and into the gap are energized from 
the electric field and ionize the molecules of the dielectric fluid. The resulting plasma 
channel (tens of microns in diameter, with temperatures in excess of 10,000K and at 
pressures as high as 280 MPa) transfers energy to locally heat the electrode surfaces.11 
This highly localized heating can eject vaporized and/or molten material from the 
electrode surfaces. The ejected material is rapidly quenched by the dielectric fluid, 
forming particles.  
To prevent oxidation and to obtain better electrochemical performance, it appears 
to be essential to coat the tin nano-particles with carbon. Thus, we investigated the spark 
erosion process using a conventional EDM unit and tin electrodes spark eroded in a 
hydrocarbon dielectric (providing a carbon source for decomposition) as a one-step 
synthesis method to produce carbon-coated Sn nano-particles on the order of 10 nm. 
 
 
EXPERIMENTAL METHODS 
Spark Plasma Erosion 
Using kerosene (Sigma-Aldrich, reagent grade) as a dielectric fluid, 16 mm pure 
Sn rods were spark eroded in a modified erosion chamber on a Sharp 300C series 
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electro-discharge machine. Table 1 lists the experimental parameters used in the spark 
erosion synthesis of the Sn particles. The particles were collected by centrifuging at 
17,000 rpm for 20 minutes in a Beckman Coulter Avanti-JE centrifuge with stainless 
steel tubes in a JA-17 rotor. The particle solvent was exchanged from kerosene to hexane 
(Alfa-Aesar, n-Hexane HPLC grade 95+%) by using a sonic bath and 5 centrifuge runs, 
decanting the solvent and replacing with clean hexane after each run. The hexane-
dispersed particles were dried under vacuum to obtain particles for electrochemical 
testing. 
Table 1. Spark erosion key processing parameters 
Spark Time On 2 µs Gap Voltage 1 V 
Spark Time Off 4 µs Polarity Reverse 
High Voltage Current 0 A Rotation Speed ~130 rpm 
Low Voltage Current 1.5 A    
 
Particle Characterization 
A Tecnai G2 F20 TEM operating at 200 keV was used to obtain bright field 
images, diffraction patterns and EDS of the sparked particles. X-ray photoelectron 
spectroscopy (XPS) of the particles was performed on a Perkin Elmer PHI 5500 ESCA 
System with a Ag filament. 
Electrode Casting 
Water-based slurries of sparked particles were made in ratios of 10:70:5:15, 
20:60:5:15 and 80:5:15 weight ratios of sparked particles to graphite (Timrex, SFG 6L) 
to carbon black (Timrex, Super C65) to PAA (Sigma-Aldrich, Mw ~450,000). Different 
ratios were used since Beattie et al. have found that lowering the active material 
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concentration of the electrodes, in this case Sn, achieved high capacity with good 
cyclability.12 The sparked particles, carbons and water were mixed using an ultrasonic 
probe for 1 minute, followed by stirring in the PAA at 800 rpm for 1 hour. The slurries 
were cast using a doctor blade set to 0.010 in or ~250 μm on cleaned Cu foil (25 m 
thick).  
Half-cell Electrochemical Test Fixture 
To minimize water contamination, and also to prevent reaction of the lithium 
metal and the moisture-sensitive electrolyte, half-cells of the electrodes were made in an 
argon atmosphere glovebox (<10 ppm O2 and H2O levels). A 2016 cover and can were 
used with the corresponding polypropylene gasket and nickel foam as a spacer and 
spring. 0.75 mm thick lithium metal (Alfa Aesar, 99.9%) punched to 9/16 inch diameter 
was used as the counter-electrode. The separator was 25 µm thick Celgard 2400 
microporous polyethylene, punched to a 3/4 inch diameter circle. 5/16 inch diameter 
disks were punched out of the castings for the electrodes. 30 µL of 1 M LiPF6 in 
EC:DEC, 1:1 ratio, electrolyte wetted the components during assembly.  
Galvanostatic Charge/Discharge Cycling 
The particles were electrochemically tested using an ARBIN BT-2000 system. 
Based upon their theoretical capacity, the cells were cycled first at a C/20 rate within a 
voltage range of 0.01-1.0 V for 2 cycles with a taper charge to form the SEI layer and 
determine the actual capacity. The charge capacity from the second cycle was taken as 
the actual capacity and the cells were cycled from 0.01-1.0 V for 200 cycles at a C/10 
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rate. To calculate the coulombic efficiency, the cycling data were analyzed according to 
Eq. 1.   
 %CE	ൌ	100%	‐	 discharge	capacity‐charge	capacitydischarge	capacity 	ൈ	100%         (1) 
 
RESULTS 
Particle Characterization 
TEM bright field images and a SADP of the sparked Sn particles are shown in 
Figure 1. Selected area diffraction of the general population gave diffuse rings which 
matched well with the body centered tetragonal phase of Sn (Table 2). XPS gave C1s, 
O1s and Sn3d5/2 peaks as shown in Figure 2. The O1s peak decreased with etching and 
the Sn3d5/2 peak shifted to lower binding energy. 
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Figure 1. Sn sparked particle TEM images of general distribution (a) and high resolution image (b) 
of smaller particles showing lattice fringes, c) Selected area diffraction pattern (SADP) of general 
distribution 
 
Table 2. SADP analysis of Sn sparked particles. Comparison of nearest neighbor atom spacings 
from diffraction pattern rings (Figure 1c) and matching body centered tetragonal Sn d-spacings 
from literature.  
Best match hkl Sn lit. 
d (Å)
SADP avg. 
d (Å)
011 2.79 2.73 
220 2.06 1.98 
031 1.66 1.60 
240 1.30 1.38 
a) b) 
c) 
c) 
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Figure 2. XPS spectra of Sn spark eroded particles: a) C1s peak, b) O1s peak and c) Sn3d5/2 peak. 
Solid is pre-etching, long dashed is after Ar-ion etching ~5 minutes and short dashed is after a 
further ~6 minute etch. Approximate etching rate is 10 nm/minute. All data is shown without 
shifting from sample charging.  
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Electrochemical Performance 
The ratio of sparked particles in the composite electrode had a significant impact 
on capacity. The 10:70:5:15 electrode had the highest capacity and greatest stability as 
shown in Figure 3. 
0 100 200
0
200
400
600
800
1000
 
 10:70:5:15
 80:5:15
 20:60:5:15
C
ap
ac
ity
 (m
A
h/
g)
Cycle Number
 
Figure 3. Capacity of sparked Sn particles for electrodes of varying active material ratios. Tests are 
ongoing at time of publication and are progressing to 200 cycles if not shown out to 200. 
 
For the 10:70:5:15 electrode, the initial capacity of the sparked Sn particles was 
greater than the theoretical (~450 mAh/g) as shown in Figure 4. The cells then continued 
to cycle at ~460 mAh/g with a coulombic efficiency of >99.5% for over 100 cycles. 
Voltage plateaus vs capacity show lithiation of the various phases of Sn as labeled in 
Figure 5.  
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Figure 4. Capacity and coulombic efficiency of sparked Sn particles. The red circles are the capacity 
while the black squares are the coulombic efficiency. Tests are currently progressing to 200 cycles. 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
0 500 1000
 
Capacity (mAh/g)
V
ol
ta
ge
 (V
) Li2Sn5
LiSn
Li7Sn3, Li5Sn2, Li13Sn5
Li7Sn2 Li22Sn5
101 2
1210
 
Figure 5. Voltage vs. capacity for 1st, 2nd and 10th cycles of spark eroded Sn particles. Voltage 
plateaus are labeled for various LixSny phases.13 
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DISCUSSION 
The spark eroded Sn particles were bimodally distributed from ~5 nm to ~0.5 µm 
with smaller amorphous particles with some lattice fringes and larger crystalline 
particles based upon the TEM bright field image contrast and the diffuse rings of the 
diffraction pattern. The particles exhibited absorbed surface oxygen due to sample 
exposure to the atmosphere for measurement, as well as an adhered primarily 
hydrocarbon surface layer.  
Higher sparked Sn particle ratio electrodes (20:60:5:15 and 80:5:15) had poorer 
stability and lower capacity, which is in agreement with Beattie et al.12 This is likely due 
to the poor conductivity of the surface carbon layer consisting primarily of hydrocarbon 
(Chapter 4). Additionally nano-particles of Sn suffer aggregation issues during cycling 
and a higher active material ratio will increase the proximity of Sn particles for possible 
aggregation.14 Post-cycle analysis of the cells will elucidate the contributions of 
conductivity and aggregation to the electrode failure mechanism. 
The outstanding cycling stability of the 10wt% sparked Sn electrode is shown by 
the coulombic efficiency approaching 100% after just 10 cycles. The initial irreversible 
capacity of 359 mAh/g is likely due to formation of the SEI layer. The exceptionally 
stable high capacity performance is attributed to two main features of the particles: the 
carbon coating and size. The carbon coating, though reducing the conductivity of the 
particles, provides a protective layer to prevent oxidation and minimize volume 
expansion. The majority of the Sn particles are below the 200 nm critical size for Sn for 
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fracture predicted by Huggins and Nix, even without including unique nano-
mechanics.15 
When compared with other Sn particles, such as the milled Sn-C composite by 
Elia et al., cycling at a similar rate, the spark eroded particles show much higher capacity 
and better coulombic efficiency (Figure 6).3 Only Xu’s Sn-C composite rivals the 
sparked Sn particles in capacity and reversibility, achieving 710 mAh/g over 130 
cycles.4 However, it is notable that Xu’s group used a 70:15:15 weight ratio slurry of 
Sn:Cblack:CMC binder, while the sparked Sn particles only constitute 10wt% of the 
electrode and achieve a much higher proportional capacity increase. 
        
Figure 6. Capacity vs. cycle number for milled Sn-C composite.3 Reprinted with permission from 
Elsevier, copyright 2013. 
 
With only a 10% addition of Sn sparked particles, the current commercial cell 
capacity could go from ~62 mAh/g to ~70 mAh/g. This is a ~13% increase in overall 
capacity of the lithium ion cell.16 For the current method of electrode processing, these 
particles are drop-in ready for lithium ion battery manufacturing. Additionally, it is 
expected that these carbon-coated Sn particles will have a high rate capability due to 
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their high conductivity and nano-scale size. Future work will include rate capability 
studies of the spark plasma eroded Sn nano-particles. 
 
CONCLUSIONS 
Spark plasma erosion has been shown to be a successful method to produce 
carbon-coated Sn particles in the nanometer range. As an automated electro-mechanical 
method, spark erosion shows great promise for the production of anode materials for 
lithium ion batteries. The particles show excellent high capacity (~460 mAh/g) stable 
electrochemical performance with greater than 99.5% coulombic efficiency for over 100 
cycles. The sparked carbon coated particles are drop-in ready for present lithium ion 
anode processing and would give a ~13% increase in total capacity of current 
commercial lithium ion cells. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
SUMMARY 
 
Carbon-coated silicon alloy and tin alloy nano-particles have been successfully 
produced via spark plasma erosion in a hydrocarbon dielectric. The particles were 
characterized thoroughly using SEM, TEM, EDS, SADP, XPS, Auger, NMR, TGA and 
DSC. The produced particles were bimodally distributed at ~5 nm and ~0.5 µm in 
accordance with the evaporation and molten modes of ejection from the electrode 
surfaces, respectively. The smaller particles were found to be primarily amorphous with 
some crystalline lattice fringes, and the larger particles were crystalline with Si-Sn phase 
segregation to intercellular and surface regions. All particles exhibited a surface carbon 
layer that was adhered, conformal, tenacious and chiefly composed of hydrocarbon from 
breakdown of the kerosene dielectric. 
 The lower-melting, more conductive phase of the alloy electrodes was found to 
preferentially erode, enriching the produced particles. Electrodes with similar melting 
temperatures and vaporization temperatures favored homogenization of the alloy 
particles towards the original composition. Also increasing the silicon content to 
98.8at% was effective at retaining the initial electrode composition in the sparked 
particles. 
 The reversible capacity of the silicon and tin alloy particles was higher for lower 
active material ratio electrodes. The 10:70:5:15 ratio of 80Sn-20at%Si had a reversible 
capacity of ~350 mAh/g over 200 cycles at a C/10 rate. The 10:70:5:15 ratio of 98.8Si-
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1.2at%Sn sparked particles demonstrated a reversible capacity of ~380 mAh/g over 200 
cycles at a C/10 rate. It is expected that the hydrocarbon layer on the particles limits their 
capacity and reversibility, in addition to the larger crystalline silicon particles fracturing, 
losing electrical contact and causing capacity fade. 
 The spark eroded carbon-coated pure Sn particles show the greatest promise for a 
next generation lithium ion battery anode material by achieving outstanding stable 
capacity at near theoretical values (~460 mAh/g). The coulombic efficiency of the 
sparked Sn approached 100% after only 10 cycles and remained high even through 100 
cycles at C/10. It is probable that the higher conductivity of the tin is not substantially 
affected by the hydrocarbon layer and the layer is protective to prevent oxidation and 
minimize volume expansion. The sparked carbon-coated Sn particles are drop-in ready 
for present lithium ion anode processing and would give a ~13% increase in total 
capacity of current commercial lithium ion cells.  
 
CONCLUSIONS  
 Spark plasma erosion in a hydrocarbon dielectric is a successful method to 
produce carbon-coated semiconductor and metal alloy nano-particles in a single step. 
Sparked silicon alloy and tin alloy particles have limited capacity and performance due 
to the conformal, tenacious, mainly hydrocarbon layer present on the particles through 
breakdown of the dielectric and due to the bimodal size distribution of the particles. 
Sparked Sn particles show exceptional stability and high capacity (~460 mAh/g) as an 
anode in lithium ion batteries. These carbon-coated Sn particles are drop-in ready for 
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current anode processing methods and would increase the total capacity of current 
lithium ion cells by ~13%.  
 
FUTURE WORK 
 Possible future investigations in the spark plasma erosion particle production 
method would focus on process physics modeling to optimize for only the evaporation 
mode of erosion and to effectively de-aggregate the nano-metric fraction of particles. 
Testing at different C-rates will elucidate the performance potential of the sparked Sn 
particles as they are expected to show excellent rate cycling capability due to their high 
conductivity and nano-scale size. 
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APPENDIX A 
SPARK EROSION OF NICKEL RODS FOR INITIAL PROCESS 
VERIFICATION 
 
NICKEL SPARK EROSION 
Initial runs using nickel metal electrodes were performed to determine spark 
erosion capability and parameter settings. Nickel rods were used because they are 
relatively inexpensive, easily obtained, easily machined and stable, so distilled water 
could be used as a dielectric. Preliminary setups included stationary electrodes, side-
flushing of electrodes and rotating electrodes with center-flushing. The rotating electrode 
setup with center-flushing appeared to have the most even erosion characteristics and 
was chosen for future runs. A 1.6 mm diameter center hole was bored for flushing to 
allow a ready flow of dielectric to pass through and still maximize surface area of the top 
electrode. Berkowitz and Walter estimated that only 10% of the molten material created 
during the pulse becomes particles while the rest refreezes to the electrode surface.1 
Rotating and flushing the electrodes increases the particle yield by decreasing the re-
deposition of material. Also rotating the electrodes and pumping new dielectric through 
the gap enables the dielectric in the gap to rapidly relax, increasing the efficiency of 
particle production.2  
Nickel erosion runs were performed at two different low voltage current settings 
(1.5 A and 25 A) to confirm that a low energy setting enhances the fraction of ultrafine 
particles as predicted by Berkowitz.2 The high voltage current was set to 0 A while the 
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other settings are listed in Table 1.  The distilled water was flushed through the top 
electrode at 800 mL/min. The post-sparked electrodes and TEM micrographs of the 
particles are shown in Fig. 1. While it was not statistically determined that the 1.5 A 
setting gave more nano-size particles, the 1.5 A setting was a more controlled erosion 
process and was chosen as the current setting for future runs.  
Table 1. Spark plasma erosion key processing parameters 
Spark Time On 2 µs Gap Voltage 1 V 
Spark Time Off 4 µs Polarity Normal 
High Voltage Current 0 A Rotation Speed ~130 rpm 
Low Voltage Current 1.5 A    
 
    
Figure 1. Nickel spark eroded surfaces and TEM micrographs of nickel spark eroded particles: a) 
25 A top electrode, b) 25 A bottom electrode, c) 1.5 A top electrode, d) 1.5 A bottom electrode and e) 
25 A particles, f) 1.5 A particles 
 
1	µm 1	µm 
a) c) b) d) 
e) f) 
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Both samples of nickel particles were investigated using x-ray photoelectron 
spectroscopy (XPS) to determine the surface composition of the particles and if the 
nickel reacted with the water dielectric. Figure 2 shows the XPS spectra both before and 
after argon ion etching. From the peak position and the change in Ni and O peak 
intensities it is evident that a thin oxide layer is present on both samples of particles.  
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Figure 2.  XPS spectra of nickel particles: a) 1.5 A Ni peak, b) 1.5 A O peak, c) 25 A Ni peak, d) 25 A 
O peak. Solid curves are pre-etching, dashed curves are after etching for ~1 min and short dashed 
curves are partially etched by Ar ions for ~2 min. The approximate etching rate is 10 nm per 
minute. 
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After the EDM setup and parameters were confirmed using nickel rods, several 
compositions of silicon alloys were spark eroded and the resulting particles 
characterized.   
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APPENDIX B 
ELECTRODE CASTING OPTIMIZATION FOR ELECTROCHEMICAL 
TESTING OF SILICON NANO-PARTICLES 
 
ELECTROCHEMICAL TESTING & CHARACTERIZATION 
Purchased silicon nano-particles (Alfa Aesar, 99+%, plasma synthesized, APS 
=< 50nm) were used to optimize the electrode casting process for electrochemical 
testing. These electrodes were then integrated into half-cells for charge/discharge cycling 
and their properties analyzed to inform the procedures for future spark eroded particle 
electrochemical testing. 
ELECTRODE CASTING 
Purchased silicon nano-particles were mixed with carbon black (Alfa Aesar, 
acetylene, 100% compressed, 99.5%) and binders according to the ratios 7:2:1, 4:4:2 and 
50:35:15 by weight. Figure 1 is a flowchart of the initial standard casting procedure. 
This was followed and/or modified as noted for all cast electrodes.  PTFE (Sigma-
Aldrich) and PAA (Sigma-Aldrich) were used as binders with amyl acetate and ethanol 
as solvents. The binders were mixed overnight in solvent and then combined with the 
silicon nano-powder and carbon black. The slurry was mixed using an ultra-sonic probe 
for 20 minutes and then cast on a rough copper foil using a doctor blade unit set to 
0.0125 inches. The cast slurry was dried at room temperature overnight and then placed 
on a hot plate at 100oC for 8 hours. All steps were performed in an argon atmosphere 
glovebox to prevent water and oxygen contamination of the electrodes.   
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Figure 1. Electrode casting flowchart 
 
PTFE was found to be detrimental to the electrode performance as it reacts with 
lithium.1 The 7:2:1 weight ratio did not have enough carbon and binder to maintain 
conductivity and integrity during cycling. The 50:35:15 ratio with PAA was determined 
to be a good combination for future study. The amount of solvent used for casting was 
optimized using the experiments listed in Table 1. The 1:6 ratio had too little solvent to 
cast. The 1:9 ratio was too thin to have a good mass loading for electrochemical tests. 
The 1:7 ratio had the most even casting consistency with the highest loading. 
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Table 1. Slurry casting optimization design. Solid/Liquid ratio is the amount of carbon black and 
nano-Si to ethanol. 
Design 1 2 3 4 5 
Solid/Liquid ratio 1:6 1:7 1:8 1:9 1:10 
Ethanol (g) 2.04 2.38 2.72 3.06 3.4 
PAA (g) 0.06 0.06 0.06 0.06 0.06 
Stir (approx hr) 12 12 12 12 12 
Nano Si (g) 0.20 0.20 0.20 0.20 0.20 
Carbon black (g) 0.14 0.14 0.14 0.14 0.14 
Sonication (min) 20 20 20 20 20 
 
Plots of capacity vs. potential, cycle number vs. capacity, and cycle number vs. 
coulombic efficiency were constructed from the collected data. An example capacity vs. 
potential plot is included in Fig. 2 of a purchased nano-silicon 1:7 ratio cast electrode 
using PAA as the binder and ethanol as the solvent. 
 
Figure 2. Capacity vs. potential plot of purchased nano-silicon particles. Cycled from 0.01-1.0 V at 
0.0495 mA for 30 cycles. 
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The performance of the particles showed a much higher capacity and better 
reversibility than cycled bulk silicon (10 µm particles).2 Further cycling data from tests 
with the spark eroded particles will elucidate the capability, capacity and reversibility of 
the materials as anodes. 
A procedure for making electrodes and charge/discharge cycling them in half-
cells was developed. The capacities of the half-cells were improved by using a casting 
procedure to form the electrode on a current collector and by using PAA as a binder 
instead of PTFE. A larger capacity than current commercial carbon was achieved using 
purchased nano-silicon powders (APS <= 50 nm). The cyclability and reversible 
capacity still need further improvement. Additional data from electrochemical tests and 
cells will clarify the optimal conditions for the silicon composite nano-particle anode.  
Future work will focus on optimizing the composition and chemistry of the anode to 
incorporate novel nano-particles with high capacity and reversibility. Further 
modifications to the casting process for the sparked particles are detailed in the 
experimental methods sections of the chapters. 
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APPENDIX C 
QUANTITATIVE SIZE DISTRIBUTIONS AND ATTEMPTED SIZE 
CLASSIFICATION OF SPARKED PARTICLES 
 
SIZE CLASSIFICATION OF SPARKED PARTICLES 
TEM and SEM images of the spark eroded particles testified to a bimodal size 
distribution in agreement with Berkowitz’s two modes (vapor and liquid) for material 
ejected from the electrode surfaces.1 Attempts were made to separate the micro- and 
nano-sized particles using settling, centrifugation and filtering techniques.  
 Settling and centrifugation calculations for size segregation were based off of 
Stoke’s Law: 
v୫ ൌ ଶଽ
ሺ∆ି∆ᇱሻ୰మ୥
஗     (1) 
where Δ is the particle density, Δ’ is the fluid density, r is the radius of the particles, g is 
the acceleration due to gravity and η is the fluid viscosity. For kerosene, Δ’ is 0.817 
g/mL and η is 0.00164 Pa·s. For hexane Δ’ is 0.655 g/mL and η is 0.000297 Pa·s.  
To settle all particles larger than 200 nm out of the top 0.1 m of the 95Si-5at%Sn 
sample suspension required over 14 days. This was deemed an impractical method of 
separation due to the long time required.  
Centrifuging was able to speed up the process by increasing the acceleration of 
the particles. Centrifuging for 4 minutes at 17,000 rpm removed all the ~70 nm or larger 
particles in kerosene. However, when centrifuging in kerosene for such a short time the 
particles were prone to redistribute almost immediately into the solvent without the 
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possibility of decanting and separation. Thus, centrifuging in kerosene to size segregate 
was not viable. 
Centrifuging of particles to size separate was also attempted in hexane. To settle 
30 nm or larger particles in hexane at 17,000 rpm required only 4 minutes of run time, 
however the resulting precipitate was so extremely low yield it was also deemed an 
unreasonable method. 
 Sparked particles were filtered using a BD 60 mL syringe and a Sympatec GmbH 
200 nm membrane filter made of cellulose acetate. After sonicating for 1 hour the 
particles were forced through the filter using the syringe. While some particles did travel 
through the filter, many more remained trapped by the filter. SEM analysis of the filter 
and particles showed smaller agglomerated particles to stick to the filter in addition to 
the larger particles (Figure 1). 
 
     
Figure 1. SEM images of 98.8Si-1.2at%Sn particles on a 200 nm cellulose acetate filter: a) BSE 
image and b) SE image. Agglomerated smaller particles stuck to the filter are particularly notable in 
the upper right corner. 
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 Size classification/segregation of the bimodal distribution of particles proved 
difficult using settling, centrifugation and filtering techniques. Without proper dispersion 
of the particles and de-agglomeration, size segregation was demonstrated to be 
impractical for the spark eroded particles. Further information about de-agglomeration of 
the particles is included in the following section. 
 
QUANTITATIVE SIZE DISTRIBUTIONS 
In addition to the size estimate from TEM images, more quantitative 
measurement of the size distribution was desirable. As agglomeration was an issue for 
size segregation, agglomeration of the nano-particles also frustrated quantitative size 
distribution using automated nano-particle size analysis (e.g., Sympatec Nanophox 
PCCS system). Attempts to effectively disperse/de-agglomerate the nano-particle size 
fraction were futile using a dispersing additive (0.1 molar Na4P2O7) and ultrasonic probe 
(Fisher Scientific FB50, 50 Watt, 20 kHz probe). The sparked particles were sent to a 
particle sizing company (Microtrac) where they were exposed to the most powerful 
dispersion method available (700 Watt probe for 90 seconds) without any dispersion 
success. As seen in Figure 2, the results of their analysis show the bimodal distribution 
to be shifted to larger sizes than seen in TEM due to agglomeration. Any further 
ultrasonic energy (longer time or more powerful probe) generates heat and can 
fracture/damage the particles. Microtrac staff scientists found the issue to be the particles 
are “fused” agglomerates that cannot be dispersed using dispersants nor extensive 
ultrasonic energy.  
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Figure 2. Particle size distributions of 98.8Si-1.2at%Sn and 80Sn-20at%Si sparked particles. The 
bimodal distribution is based upon volume and is shifted to larger particle size due to 
agglomeration. The 98.8Si-1.2at%Sn peak summary is 39.1 vol% at 687 nm and 60.9 vol% at 2,477 
nm. The 80Sn-20at%Si peak summary is 73.2 vol% at 230.8 nm and 26.8 vol% at 1,860 nm. 
 
 These quantitative size distributions, while of agglomerated particles, were 
consistent with the separation of the bimodal peaks seen in the TEM and demonstrate 
that agglomeration not only affects the smaller sparked particles but even affects the 
larger ones. 
The strong agglomeration of the spark eroded particles proved to be a difficult 
issue for both size separation and quantitative size analysis. Due to the strong 
agglomeration of the particles, substantial particle surface modification and the 
application of physical shearing forces would be required to separate the particles. This 
would significantly alter the particles from their spark eroded form and was outside the 
scope of this work. 
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